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Abstract 

In  this  research,  four  areas  are  investigated  to  develop  micro  structures  whose 
operation  transcends  the  plane  of  the  substrate  and  to  break  new  ground  in  developing 
micro  unmanned  vehicles.  The  four  research  areas  are  erecting  microstructures  normal  to 
the  substrate  plane  without  direct  human  intervention  (self  assembled),  providing  low 
resistance  electrical  connections  to  the  erected  microstructure,  realizing  circular  motion 
normal  to  the  substrate  plane,  and  implementing  a  microrobot.  The  designs  in  this 
research  concentrate  on  erecting  and  providing  power  to  a  leg  designed  for  use  with  the 
microrobot.  The  leg  and  the  attached  low  resistance  electrical  connectors  were  not  self 
assembled  because  the  accompanying  actuators  were  not  powerful  enough.  However,  the 
novel  connectors  provide  the  most  practical,  versatile,  and  lowest  possible  resistance 
connections  for  the  MUMPs  fabrication  process.  The  microrobot  was  a  1  cm  by  1  cm  by 
0.125  mm  thick  silicon  chip  with  ninety-six  legs  micromachined  on  one  side.  The  legs 
were  able  to  support  the  weight  of  the  chip  but  could  not  move  the  chip.  The  gold  wires 
used  to  remotely  power  the  legs  restricted  the  chip’s  movement.  The  chip  was  turned 
over,  and  used  as  a  micropositioner  to  transport  a  1  cm  by  1  cm  by  0.023  mm  piece  of 
kapton  film.  A  vertically  deflecting  actuator  was  used  to  bump  the  edge  of  a  222  pm 
diameter  wheel,  causing  circular  motion  normal  to  the  substrate. 
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1.  Introduction 


Since  ancient  times,  mankind  has  striven  to  automate  his  tasks.  Despair  over 
routine  manual  labor  was  expressed  by  King  Solomon  when  he  pondered  mankind’s  tasks 
[1]: 

“What  does  a  man  get  for  all  the  toil  and  anxious  striving  with  which  he 
labors  under  the  sun?  All  his  days  his  work  is  pain  and  grief;  even  at 
night  his  mind  does  not  rest.  This  too  is  meaningless.  ” 

Today,  a  great  challenge  confronting  engineers  can  be  found  in  trying  to  automate  the 
task  of  assembling  microelectromechanical  systems  (MEMS).  MEMS  is  an  emerging 
engineering  field  birthed  by  the  microelectronics  industry  and  the  present  trend  to 
miniaturize  sensors.  MEMS  are  micrometer-sized  structures  (microstructures)  or  systems 
of  microstructures  (micromachines)  fabricated  using  the  same  techniques  as  used  in 
microelectronic  fabrication,  the  fabrication  of  transistors,  computer  chips,  and  other  non¬ 
mechanical  microelectronic  devices.  MEMS  are  usually  fabricated  from  silicon.  The 
actual  fabrication  process  used  here  is  described  in  detail  in  Chapter  3.  Figure  1-1  shows 
captured  video  images  of  a  section  of  a  chip  containing  microelectronics  and  sections  of  a 
chip  containing  MEMS.  The  MEMS  chip  shows  examples  of  micromachine  components 
alongside  a  human  hair  for  size  perspective. 
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Figure  1-1:  Captured  video  images  of  (a)  a  section  of  a  microelectronics 
chip;  (b)  a  section  of  a  MEMS  chip  showing  gears,  actuators,  hinged 
mirror,  and  a  gold  bondwire;  and  (c)  another  section  of  a  MEMS  chip 
showing  microtweezers  alongside  a  human  hair  for  size  perspective. 

The  present  challenge  with  MEMS  is  to  find  ways  to  automate  the  manipulation 
of  the  microstructures  which  can  be  fabricated.  By  using  automated  manipulation,  the 
number  of  applications  for  MEMS  is  expanded.  Furthermore,  MEMS  then  become 
reliable,  can  be  mass-produced,  and  thus  become  economically  feasible  products  [2,  3]. 

Human  labor  rules  the  day  with  structure  manipulation  in  MEMS.  MEMS 
structures  can  be  manipulated  by  hand  using  microprobes  and  microscopes,  but  this 
method  of  manipulation  is  very  time  consuming,  tedious,  and  unreliable  due  to  the 
microscopic  size  of  the  structures.  However,  engineers  are  learning  to  manipulate  and 
assemble  MEMS  without  the  use  of  the  human  hand. 


1.1  Intent  of  Research 


Present  implementation  of  MEMS  is  limited  by  hand  assembly  and  operation 
planar  to  the  substrate  surface.  The  research  in  this  thesis  concerns  the  inventions, 
innovations,  and  research  relevant  to  automated  manipulation,  that  is,  the  self  assembly  of 
MEMS.  The  goal  of  this  research  is  to  also  develop  new  designs  and  techniques  which 
will  enable  self  assembly  of  microstructures,  and  realize  system  operation  normal  to  the 
substrate  surface,  as  well  as,  lateral  operation. 

This  research  is  original:  it  does  not  work  to  a  specific  design;  it  does  not  follow 
prior  research.  The  designs  and  research  goals  have  originated  in  the  author’s 
imagination.  Suggestions  for  designs  have  also  come  from  the  thesis  advisor.  The 
research  goals  are  as  follows: 

1)  Erect  microstructures,  originally  in  their  parallel  to  the  substrate  post 
fabrication  position,  to  a  position  normal  to  the  substrate,  using  self 
assembly  techniques.  The  substrate  is  the  silicon  wafer  on  top  of  which 
the  MEMS  are  fabricated. 

2)  Provide  electrical  power  to  erected  structures  by  means  of  practical  low 
resistance  electrical  connections. 

3)  Realize  circular  motion  normal  to  the  substrate. 

4)  Realize  a  microrobot  that  can  move  on  a  flat  surface. 
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MEMS  are  commonly  fabricated  from  multiple  layers  of  silicon  or  oxides  of 
silicon,  and  are  planar  to  the  substrate’s  surface,  having  form  and  functionality  much  like 
flat  paper  cut-outs  lying  on  a  flat  table;  the  paper  cut-outs  being  compared  to 
microstructures  and  the  table  being  compared  to  the  substrate.  By  nature  of  the 
fabrication  process,  MEMS  are  restricted  to  move  or  operate  planar  to  the  substrate 
surface.  MEMS  demonstrating  motion  normal  to  the  substrate  are  a  rarity.  Furthermore, 
demonstrations  of  providing  electrical  power  to  MEMS  which  have  been  erected  out  of 
the  substrates  plane  is  an  even  greater  rarity.  Microstructures  which  demonstrate  circular 
motion  normal  to  the  substrate’s  surface  can  be  compared  to  the  circular  motion  of  a 
carnival  Ferris  wheel  with  respect  to  the  earth.  This  type  of  motion  has  not  been 
demonstrated  with  MEMS.  However,  circular  motion  parallel  to  the  substrate’s  surface, 
similar  to  a  carnival  carousel,  has  been  demonstrated.  The  development  of  practical 
methods  and  designs  that  realize  MEMS  operation  out  of  the  substrate’s  plane  are  applied 
to  the  creation  of  a  microrobot. 

1.2  Defining  Self  Assembly 

The  phrase  "self  assembly"  in  this  document  is  defined  as  post  fabrication 
manipulation  or  construction  of  microelectromechanical  systems  or  structures  necessary 
to  enable  intended  operation,  without  the  direct  aid  of  a  human  operator.  For  example, 
sliding  a  microstructure  into  final  operating  position  on  a  microehip  indirectly  by  hand 
using  probes  is  not  considered  self  assembly.  However,  the  same  microstructure  slid  into 
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place  by  another  microstructure,  perhaps  a  micromotor,  is  considered  self  assembly;  even 
though  a  human  operator  was  needed  to  tum-on  a  supply  of  electricity  for  the  process. 
Figure  1-2  shows  a  prototype  design  of  a  micromirror  that  has  been  slid  into  place  for 
electrostatic  actuation  [4].  A  linear,  thermally  actuated  micromotor  is  used  to  slide  the 
mirror.  This  MEMS  design  is  considered  a  self  assembled  system. 


Figure  1-2:  Scanning  electron  micrograph  of  a  prototype  self  assembly 
system  where  a  micromirror  has  been  slid  into  place,  for  future 
electrostatic  actuation,  by  a  linear  thermally  actuated  micromotor  [4]. 

Other  phrases  found  in  the  literature  and  the  MEMS  community  that  have  the  same 
meaning  as  “self  assembly”  are  “micro  assembly,”  “remote  assembly,”  “electronic 
assembly,”  “micromanipulation”  [5],  and  “self  adjusting”  [6]. 
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1.3  Organization  of  Thesis 


The  remainder  of  this  thesis  is  organized  in  the  following  manner.  Chapter  2  is  a 
literature  survey  on  the  background  of  self  assembly.  In  this  Chapter,  relevant  actuation 
methods  for  self  assembly  and  existing  self  assembly  schemes  are  reviewed. 

Chapter  3  discusses  the  design  tools,  fabrication,  and  post  processing  used  for  the 
MEMS  in  this  research.  In  Chapter  4,  test  equipment  used  for  this  research  is  described. 

Due  to  the  broad  scope  of  the  research  goals  and  its  "trial  and  error"  nature  where 
the  design  process  and  results  are  intimately  related,  experimental  theory  and  design,  and 
experimental  results  are  presented  in  Chapter  5.  Each  research  goal  is  covered  seperately, 
from  theory  and  design  to  results.  It  is  hoped  that  this  method  of  presentation  will 
provide  a  clearer  picture  for  the  reader,  than  that  of  separating  the  theory  and  design  from 
the  results  in  different  chapters.  Chapter  6  concludes  with  a  report  of  the  final  status  of 
this  research  and  recommendations  for  future  research. 
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2.  Background  of  Self  Assembly 


This  chapter  is  a  survey  of  existing  technology  relevant  to  the  self  assembly  of 
microstructures.  The  literature  review  in  Section  2.1  surveys  self  assembly  topics 
relevant  to  this  research.  Topics  covered  in  this  section  include:  existing  self  assembly 
systems  or  methods;  micro  actuators  or  micro  actuator  systems  which  are,  or  conceivably 
could  be,  used  for  self  assembly  purposes;  attempts  at  microrobot  creation;  and  attempts 
at  providing  electrical  power  to  erected  micro  structures.  Section  2.2  concludes  with  a 
brief  discussion  of  the  usefulness  of  the  reported  technology  to  this  thesis  research. 

2.1  Literature  Survey 

Few  practical  self  assembly  schemes  and  no  commercial  self  assembly  schemes  of 
any  form  exist.  Technology  is  usually  market  driven.  The  MEMS  field  is  no  exception. 
The  present  lack  of  commercial  need  for  self  assembly  is  probably  a  reason  behind  the 
slow  development  of  self  assembly  techniques  or  microrobots.  Current  commercial 
MEMS  for  example:  scanning-force  microscope  tips,  accelerometers  for  auto  airbags, 
gas  sensors,  pressure  sensors,  gyroscopes,  and  spray  nozzles,  do  not  require  self  assembly 
[!]• 

Nonetheless,  the  MEMS  field  stands  poised  on  the  edge  of  a  major  technological 
advance,  with  self  assembly  being  the  advancing  agent.  This  advancement  may  be 
comparable  to  the  microelectronics  revolution  [2].  The  possible  uses  for  self  assembly 
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systems  are  endless,  ineluding;  microsurgeons  operating  in  the  blood  stream,  reduction 
of  space  vehicle  payloads  due  to  miniaturized  equipment,  cleaner  fabrication  of  micro  and 
nano  devices  due  to  reduced  human  interaction,  optical  switching, 
microspies/reconnaissance,  laser  guidance  mechanisms  on-board  of  microchips, 
microoptical  benches,  micro  assembly  lines  (machines  building  machines),  sonar  guided 
explorers,  small  quarters  inspectors/repairers,  and  micro  weapons  [2,  3, 4]. 

Self  assembly  technology  is  gaining  momentum.  The  government  is  sponsoring 
research  in  this  field.  The  Defense  Advanced  Research  Projects  Agency  (DARPA)  has 
awarded  sponsorship  to  a  project  involving  MEMS-based  active  control  of  macro-scale 
objects  and  microrobot  assembly  systems,  and  is  proposing  $20  million  worth  of  funding 
for  research  into  micro  unmanned  aerial  vehicles  (MAVs)  for  the  battlefield  [5,  6,  7]. 

The  rest  of  this  section  discusses  existing  components  which  can  or  do  make 
possible  self  assembly  systems.  Section  2.1.1  reviews  various  types  of  actuators  which 
could  be  harnessed  or  integrated  into  self  assembly  systems.  Section  2.1.2  reviews 
existing  self  assembly  schemes.  Section  2.1.3  discusses  some  attempts  at  microrobots 
and  small  scale  robots.  Finally,  Section  2.1.4  contains  a  review  of  connecting  structures 
and  attempts  at  supplying  electrical  power  to  erected  micro  structures. 
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2.1.1  Review  of  Actuation  for  Use  in  Self  Assembly  Systems 


Several  types  of  actuators  are  currently  being  used  or  could  be  used  in  self 
assembly.  These  actuators  vary  in  material  and  operating  principle.  The  following  is 
literature  survey  of  some  of  the  known  actuators  in  use  in  MEMS. 

2.1. 1.1  Thermal  Actuators 

Thermal  actuators  operate  by  taking  advantage  of  the  thermal  expansion  of  a 
material.  These  actuators  can  be  fabricated  to  move  vertically  or  horizontally  with 
reference  to  the  substrate’s  surface.  Henceforth,  motion  described  as  being  horizontal  or 
vertical  will  be  with  reference  to  the  substrate  surface  associated  with  the  device  or 
system  discussed. 

A  drawing  of  a  horizontally  deflecting  thermal  actuator  is  shown  in  Figure  2-1. 
Here,  as  current  is  applied  through  the  device  through  the  anchor/probe  pads,  the  current 
causes  the  thin  hot  arm  to  heat  up  more  than  the  wide  cold  arm.  As  a  result,  the  hot  arm 
expands  more  than  the  cold  arm  and  the  actuator  flexes  in  the  direction  shown  in  the 
figure  (a  positive  deflection).  The  drive  current  is  restricted  from  heating  up  the  hot  arm 
to  the  point  of  plastic  deformation. 
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Figure  2-1:  Drawing  of  a  horizontally  deflecting  thermal  actuator  [8]. 

This  type  of  actuator  has  been  studied  and  fabricated  extensively  [8,  9].  Optimum 
dimensions  for  this  device,  fabricated  from  polysilicon  of  thickness  h,  have  been 
determined:  Wh  =  1.25  x  h,  W;.  =  7  x  w^,  and  Lf  =  (1/3)  x  L^.  For  an  actuator  with 
dimensions  w^  =  2  pm,  w^  =  14  pm,  Lf  =  40  pm,  and  L^.  =  160  pm,  deflections  on  the 
order  of  12  pm  at  4.5  mA  of  current  have  been  measured  and  forces  on  the  order  of  4.4 
pN  have  also  been  measured.  Microgrippers,  actuated  by  the  horizontally  deflecting 
thermal  actuators,  are  shown  in  Figure  2-2  [8]. 
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Figure  2-2:  Scanning  electron  micrograph  of  thermally  actuated 
microgrippers  hanging  over  the  edge  of  a  miero  chip  [8]. 

The  horizontally  deflecting  and  the  vertically  deflecting  (discussed  next)  thermal 
actuators  can  be  operated  in  two  modes:  forward  and  back  bent  mode.  Operation  in 
forward  mode  has  already  been  described  in  the  previous  paragraph.  The  back  bent  mode 
of  operation  occurs  after  the  hot  arm  has  been  heated,  by  appropriate  over-driving  of 
current,  to  the  point  of  plastic  deformation.  As  the  hot  arm  cools,  it  deforms  and  shrinks, 
causing  the  actuator  to  permanently  deflect  in  a  negative  direction.  After  this  one  time 
over-driving  of  current,  the  actuator  can  be  operated  as  in  the  forward  mode  [9]. 

Figure  2-3  shows  a  vertically  deflecting  thermal  actuator  lifting  a  mirror  after 
being  back  bent.  This  type  of  actuator  works  on  the  same  principle  as  the  actuator 
described  above  except  that  the  hot  arm  and  cold  arm  are  arranged  above  or  below  each 


Figure  2-3:  Scanning  electron  micrograph  of  a  micro  mirror 
erected  to  an  almost  vertical  position  by  a  back  bent,  vertical, 
thermal  actuator  [10]. 

Another  type  of  vertically  deflecting  actuator  referenced  in  the  literature  is  a  three 
layer  polyimide/metal/polyimide  bimorph  actuator  [11].  The  bottom  layer  is  a  polyimide 
with  a  smaller  thermal  expansion  coefficient  than  the  top  polyimide  layer.  A  metal  heater 
layer  is  sandwiched  in  between  the  polyimide  layers.  After  fabrication,  the  free  end  of 
the  structure  is  initially  curled  away  from  the  substrate  (typically  250  pm)  because  of 
residual  stress.  When  the  heater  is  powered,  the  top  layer  expands  more  than  the  bottom 
layer  causing  the  structure  to  uncurl.  Figure  2-4  shows  a  drawing  of  this  actuator.  Arrays 
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of  these  actuators  have  been  used  to  convey  pieces  of  silicon  (dimensions  2.6  mm  x  1.5 


mm  X  0.26  mm,  and  mass  2.4  mg)  across  the  substrate. 


Figure  2-4:  Drawing  of  polyimide  bimorph  actuator  showing 
layers  and  direction  of  actuation. 


2. 1.1.2  Electrostatic  Actuators 


Electrostatic  actuation  takes  advantage  of  the  attraction  or  repulsion  of  charged 
surfaces.  Ideally,  there  is  no  current  flow  in  these  devices,  but  the  operating  voltages  can 
be  large  (i.e.  greater  than  100  V)  [8].  However,  a  novel  low  voltage  electrostatic  actuator 
has  been  developed  [12].  The  operating  voltage  (11.8  V)  is  reported  to  be  CMOS 
compatible.  Many  examples  of  electrostatic  actuators  exist.  The  following  is  a  survey  of 
some  of  the  different  types. 

One  type  of  actuator  can  be  levitated  50-200  pm  above  the  substrate  surface  and 
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made  to  deflect  horizontally  [13].  Conducting  pads  are  fabricated  on  a  24  mm  x  24  mm  x 
180  pm  microscope  cover  slip  (actuator)  and  on  a  glass  plate  (fixed  stator).  The 
capacitance  between  the  conducting  plates  in  series  with  external  inductors  and  an  ac 
drive  signal  form  a  tuned  circuit  which  enables  the  actuator  to  be  levitated  below  the 
fixed  stator. 

Another  type  of  electrostatic  actuator  is  a  polysilicon  plate  suspended  above  the 
substrate  surface  by  polysilicon  flexures  [8].  Actuation  is  achieved  by  applying  a 
differential  voltage  between  the  suspended  plate  and  a  contact  on  the  substrate  (or  the 
substrate  itself).  The  plate  is  attracted  toward  the  substrate. 

Elwenspoek  et  al.  developed  an  electrostatic  actuator  made  from  two  layers  joined 
at  one  end,  but  still  electrically  isolated  [14].  Because  one  of  the  layers  is  constructed  as 
a  bimorph,  it  is  normally  curled  away  from  the  other  layer.  When  a  differential  voltage  is 
applied  between  the  two  layers,  the  curled  layer  is  attracted  back  to  the  uncurled  layer.  It 
has  been  proposed  by  the  authors  that  this  structure  can  be  used  as  active  joints  (or 
muscles)  for  microrobot  limbs. 

Electrostatic  actuators  can  be  arrayed  together  and  used  as  a  drive  source  for  a 
motor.  One  such  array  is  called  a  comb  drive,  and  is  composed  of  arrays  of  parallel  plates 
electrostatically  attracted  to  each  other  by  an  ac  drive  voltage  [15].  This  motor  converts 
linear  motion  of  the  actuator  into  rotational  motion  of  an  output  gear,  which  can  be 
coupled  to  other  structures  to  provide  a  motive  force  for  self  assembly. 
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2.1. 1.3  Electromagnetic  Actuators 


Electromagnetic  actuators  exist  which  operate  on  the  same  principle  as  macro 
electric  motors.  In  fact,  a  majority  of  microelectromagnetic  actuators  are  motors,  and  are 
mostly  fabricated  using  the  Lithographic  Galvonoformung  Abformung  (LIGA)  process 
[8]. 


2.1. 1.4  Residual  Stress  Actuators 

Judy  et  al.  developed  a  method  of  self  assembly  or  self  adjusting  microstructures 
(SAMS)  using  the  residual  stress  of  silicon  nitride  on  polysilicon  to  provide  horizontal  or 
vertical  deflection,  with  respect  to  the  substrate,  after  being  released  [16],  Beginning 
with  a  polysilicon  surface,  a  thin  layer  of  oxide  is  deposited.  Next,  a  thin  layer  of 
polysilicon  is  deposited  on  top  of  the  oxide.  However,  one  end  of  the  thin  polysilicon 
layer  is  anchored  to  the  original  polysilicon  surface  through  a  window  etched  in  the 
oxide.  Finally,  a  thin  layer  of  silicon  nitride  is  deposited  on  the  thin  polysilicon  layer. 
When  the  oxide  is  etched  away  (released),  the  free  end  of  the  thin  polysilicon  layer  is  free 
to  curl  away  from  the  original  silicon  surface  due  to  the  residual  stress  of  the  nitride  layer 
on  the  polysilicon.  The  authors  report  that  the  curled  polysilicon  layer  can  be  used  to 
push  or  adjust  micro  structures  into  a  final  operating  position. 
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2.1. 1.5  Pneumatic,  Shape  Memory  Alloy  (SMA),  and  Magnetostrictive  Actuators 


Other  examples  of  actuation  include  pneumatic  actuation,  where  a  small  tube 
containing  three  inner  chambers  has  the  pressures  varied  differentially  between  the  three 
chambers  causing  the  tube  to  flex  in  a  specified  direction.  Also,  shape  memory  alloys 
can  be  used  as  actuators  by  heating  the  SMA  flexure  causing  its  shape  to  change.  And 
finally,  flexures  can  be  fabricated  from  magnetostrictive  materials  which  change  shape 
when  introduced  to  a  varying  magnetic  field.  These  three  methods  of  actuation  can  be 
used  as  microrobot  joints  or  limbs.  Also,  flexures  made  by  these  techniques,  can  be  used 
to  propel  or  manipulate  a  microstructure  [2]. 

2.1. 1.6  Thermodynamic  Actuators 

A  microactuator  is  reported  which  harnesses  the  thermal  expansion  of  a  fluid  in  a 
microcylinder  via  a  piston  [17].  Energy  is  imparted  to  the  fluid  filled  microcylinder  by 
light  incident  from  a  laser  beam. 

2.1. 1.7  Piezoelectric  Actuators 

Actuation  using  piezoelectric  materials  which  take  advantage  of  the  piezo  effect, 
converting  electrical  energy  into  mechanical  energy,  can  be  used  for  self  assembly 
systems.  Many  piezoelectric  micromotors  have  been  reported  [4,  18],  also  piezo  flexures 
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used  to  propel  miniature  robots  have  been  reported  [2]. 


2.1.2  Review  of  Self  Assembly  Schemes 

This  section  describes  different  self  assembly  methods  or  self  assembly  systems 
reported  in  the  literature.  These  include  the  scratch  drive  actuator  and  various 
micromirror  positioners.  One  micromirror  positioning  system  has  already  been  described 
in  Section  1.2  [19]. 

2.1.2.1  Scratch  Drive  Actuator  (SDA) 

Figure  2-5  shows  the  scratch  drive  self  assembly  process  [20].  A  scratch  drive  is 
an  electrostatic  actuator  driven  by  an  ac  signal.  Figure  2-5  (a)  shows  the  original 
structure  before  self  assembly,  Figure  2-5  (b)  shows  the  SDA  moving  to  the  left  causing 
the  polysilicon  plate  to  rise,  Figure  2-5  (c)  shows  the  SDA  held  in  place  while  a  dc 
current  is  applied  though  the  SDA  causing  the  polysilicon  to  heat  up  and  plastic 
deformation  to  occur,  and  finally.  Figure  2-5  (d)  shows  the  final  position  of  the 
microstructure.  Figure  2-6  shows  the  actuator  alone,  and  illustrates  how  the  applied  drive 
signal  causes  movement. 
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Figure  2-5:  Illustration  of  3-D  self-assembled  polysilicon 
structure  showing  assembly  process  [20]. 


Figure  2-6:  Illustration  of  SDA  movement  [20] 


2.1.2.2  Thermally  Actuated  Systems 

Figure  2-7  shows  an  example  of  vertically  deflecting  thermal  actuators  integrated 
into  a  self  assembly  system  [10].  Three  actuators  are  used  to  maneuver  a  micro  mirror 
into  operating  position  after  being  back  bent.  Figure  2-8  also  shows  the  actuators 
integrated  into  a  self  assembly  system  [10].  Here,  a  whole  array  of  micromirrors  has  been 
erected  to  an  almost  vertical  position  by  back  bent  thermal  actuators. 


Figure  2-7:  Scarming  electron  micrograph  of  a  hexagonal  mirror  elevated 
into  position  by  three  backbent  vertical  thermal  actuators  [10]. 
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Figure  2-8:  Scanning  electron  micrograph  of  array  of  micro  mirrors 
erected  to  an  almost  vertical  position  by  back  bent  vertical  thermal 
actuators  [10]. 

Figure  2-9  shows  a  full  view  of  another  micro  mirror  self  assembly  system  [21]. 
The  function  of  this  MEMS  is  to  raise  the  square  micro  mirror  by  an  initial  lift  using  the 
vertical  deflecting  thermal  actuator  located  near  its  base.  Next,  a  rack  connected  to  the 
mirror  and  powered  by  an  array  of  horizontally  deflecting  thermal  actuators  pushes  the 
mirror  up  the  rest  of  the  way  to  its  final,  perpendicular  to  the  substrate,  position.  Once 
the  mirror  is  elose  to  being  perpendicular  with  the  substrate,  a  locking  tab  is  engaged. 
This  locking  tab  is  also  connected  to  a  thermal  actuator  array,  which  is  then  used  to 
wiggle  the  mirror.  Figure  2-10  shows  the  mirror  partially  lifted,  and  a  close  up  of  the 
back  bent  vertical  thermal  actuator. 
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Figure  2-9:  Scanning  electron  micrograph  of  mirror  self  assembly 
system  [21]. 


Figure  2-10:  Scanning  electron  micrograph  showing  mirror 
partially  assembled  by  vertically  deflecting  thermal  actuator  [21]. 
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2.1.2.3  Fractal  Structures 


Shahinpoor  proposes  that  highly  expandable/collapsible  folding  structures  (fractal 
structures)  be  used  as  deployable  microrobot  arms  or  manipulators  [22].  Several  designs 
are  presented.  Some  of  the  designs  could  be  patterned  in  two  dimensions  on  the 
substrate,  and  then  deployed  using  any  of  the  various  actuation  techniques  described  in 
this  paper. 

2. 1.2.4  Fluidic  and  Vibrational 

One  self  assembly  technique  is  performed  by  flowing  fluid  over  micromachined 
plates  [23].  Initially,  the  plates  are  in  their  post  fabrication  position  parallel  to  the 
substrate.  The  drop  in  pressure  over  the  surface  of  the  plates  causes  the  plates  to  rise  to 
an  upright  position  and  lock  into  strategically  placed  locking  tabs.  Another  form  of 
fluidic  assembly  reported  in  the  literature  is  performed  by  passing  a  liquid  slurry, 
containing  specially  shaped  micro  structures,  over  a  substrate  which  has  bulk 
micromachined  receptors  [24].  The  receptors  are  the  same  shape  as  the  microstructures 
suspended  in  the  slurry.  Random  processes  cause  the  free  microstructures  to  arrange 
themselves  and  fit  into  the  receptors.  Similarly,  another  form  of  self  organization  is 
reported  by  placing  specially  shaped  microstructures  on  a  vibrating  surface,  where 
random  processes  cause  the  structures  to  arrange  themselves  [25]. 
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2.1.2.5  Off  Chip  Assembly 


Other  forms  of  self  assembly  or  remote  assembly  reported  are  by  assembling  or 
handling  microstructures  with  a  high  precision  macro  "probe  station"  outfitted  with  micro 
grippers  and  other  micro  sized  manipulators  [3].  Also,  fabricating  3-D  structures  using 
ion  milling  could  be  considered  as  self  assembly,  in  that  the  device  is  already  assembled 
[26]. 

2.1.3  Review  of  Microrobot  Schemes 

In  this  research,  micro  sized  robots  (microrobots)  are  considered  synonymous 
with  self  assembly,  therefor,  reviewing  microrobots  adds  to  the  collective  knowledge  of 
self  assembly.  To  this  end,  this  section  surveys  some  of  the  different  microrobot  systems 
found  in  the  literature.  The  existence  of  a  microrobot  can  imply  self  assembly  techniques 
or  systems.  For  instance,  suppose  a  microfish  has  been  created  and  swims  in  water.  It 
can  be  considered  a  microrobot,  and  by  nature  of  its  micro  size  and  autonomous  behavior 
possesses  self  assembly  systems  or  components  [27,  28]. 

Robots  have  been  classified  by  size  into  three  categories  [2]:  miniature  robots, 
microrobots,  and  nanorobots.  A  microrobot's  size  is  on  the  order  of  micrometers;  most 
likely  a  modified  chip  fabricated  with  silicon  micromachining  technologies;  and 
containing  actuators,  sensors,  and/or  processing.  A  nanorobot  would  operate  and  be 
modeled  on  a  scale  similar  to  the  biological  cell. 
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An  operational  7-mm  microfabricated  car  is  reported  in  the  literature  [29]. 
Although  this  machine  is  not  truly  a  micromachine,  its  small  size  makes  it  a  valuable 
example  from  which  to  draw  conclusions.  For  instance,  it  was  determined  from  the 
report  that  for  rough  surfaces,  other  forms  of  propulsion,  other  than  wheels,  should  be 
used  for  micromachines  or  microrobots. 

Shimoyama  et  al.  attempt  to  realize  microflight  of  a  microstructure  that  is 
anchored  to  a  silicon  substrate  [30].  The  microstructure  possesses  wings  made  from 
polyimide  and  nickel.  The  structure  is  introduced  into  an  alternating  magnetic  field 
which  causes  the  wings  to  flap.  The  authors  claim  that  their  microflight  mechanism 
shows  true  promise  for  actual  flight.  If  actual  flight  is  achievable,  this  flying  scheme 
could  be  harnessed  as  an  actuation  method  for  self  assembling  microstructures,  besides 
being  a  microrobot. 

A  miniature  robot  actuated  and  controlled  by  vibration  operates  by  taking 
advantage  of  resonant  frequencies  of  different  geometry  structures  [31].  This  idea  could 
possibly  be  scaled  to  the  micro  level  to  be  used  in  self  assembly. 

In  working  towards  a  silicon  microrobot,  several  microrobot  components  are 
reported  [32,  33],  including:  hollow  triangular  beams  that  can  be  rotated  off  of  the 
substrate  individually  or  chained  together  forming  a  robot  arm  allowing  6  degree-of- 
freedom  movement.  Actuators  or  linkage  can  be  placed  inside  the  hollow  triangular 
beams  for  strategic  actuation  of  joints. 

Other  reported  microrobot  components  which  could  be  part  of  self  assembly 
systems  are  elastic  polyimide  hinges  and  silicon  exoskeletons  formed  from  two 
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dimensional  fabrication  using  simple  paper  folding  techniques  [34,  35]. 


2.1.4  Connecting  Structures  and  Electrical  Power  to  Erected  Micro  Structures 


Figure  2-1 1  shows  two  micro  structures  tethered  together  [36].  This  simple  tether 
structure  enables  multiple  microstructures  to  be  assembled  at  one  time.  The  two 
microstructures  are  part  of  a  microinterferometer.  One  of  the  structures  is  a  beam  splitter 
grating,  and  the  other  is  a  DC  block  plate  used  to  block  the  zero  order  energy  coming 
through  the  grating. 
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Figure  2-11:  Scanning  electron  micrograph  of  a 

microinterferometer  where  a  tether  has  been  used  to  assemble  two 
microstructures  simultaneously  [36]. 
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Figure  2-12  is  a  drawing  of  a  hinged  wire.  A  hinged  wire  is  a  microstrueture  used 
to  make  low  resistance  electrical  contact  to  an  erected  microstrueture.  The  hinged  wire  is 
initially  fabricated  planar  to  the  substrate  surface.  The  hinged  wire  can  be  flipped  over 
and  laid  across  an  erected  microactuator  to  provide  a  contact  for  electrical  power.  Figure 
2-13  shows  a  scanning  electron  micrograph  of  hinged  wire  contacting  a  flip-up  infrared 
light  source  [8]. 


Figure  2-12:  Drawing  of  hinged  wire  [8]. 
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Figure  2-13:  Scanning  electron  micrograph  of  hinged  wire 
powering  a  flip-up  infrared  light  source  [8]. 
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2.2  Conclusions 


The  designs  and  techniques  developed  in  this  thesis  research  are  restricted  to 
fabrication  through  a  commercial  surface  micromachining  process,  specifically,  the 
Multi-User  MEMS  Process  (MUMPs)  by  MCNC  [37]  which  will  be  described  in  detail  in 
Chapter  3.  Most  of  the  designs  presented  in  this  literature  review  were  not  fabricated 
using  MUMPs,  and  therefore,  could  not  be  used  directly  in  this  research.  Nonetheless, 
insights  gained  from  studying  these  designs  were  used  for  this  research.  The  designs 
developed  at  AFIT,  however,  were  fabricated  using  MUMPs,  and  are  indeed  used  as 
building  blocks  in  this  thesis  research. 
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3.  Design,  Fabrication,  and  Post  Processing 


This  chapter  discusses  the  design  tools,  fabrication,  and  post  processing  used  for 
the  MEMS  in  this  research.  Sections  3.1  -  3.3  describe  the  design  process  of  the  MEMS, 
from  conception  to  testing:  computer  aided  drawing  design,  fabrication  process,  and 
release  process,  respectively. 

3.1  Computer  Aided  Drawing  (CAD)  Design  of  a  Microstructure 

The  method  of  creating  MEMS  involves  designing  a  CAD  schematic  of  the 
desired  microstructures,  sending  the  CAD  schematic  to  a  commercial  fabrication 
company,  and  finally  receiving  the  fabricated  microstructures  on  1  cm  x  1  cm  die  where  a 
release  process  is  performed  in  an  AFIT  laboratory.  The  CAD  design  involves  simply 
drawing  a  picture  of  the  desired  microstructure  on  the  computer  with  a  mouse.  Shapes  of 
any  geometric  pattern  may  be  created,  and  the  structural  material  used  to  create  that  shape 
can  be  specified.  The  CAD  program  used  to  design  the  MEMS  is  CADENCE  version 
9502  distributed  by  Cadence  Design  Systems,  Inc.  [1].  CADENCE  was  originally  meant 
for  VLSI  design  and  simulation,  but  was  adapted  for  creating  MEMS  by  providing  the 
appropriate  technology  file.  The  technology  file  is  a  data  file  that  specifies  the  available 
MEMS  structural  layers,  the  appearance  of  the  structural  layers  when  displayed  on  the 
computer  screen,  the  relationships  between  the  layers,  and  how  the  drawing  of  the  layers 
is  translated  into  the  mask  file  format.  The  mask  file  is  a  representation  of  the  CAD 
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drawing  of  the  MEMS  which  the  commercial  fabricators  use  to  create  their  fabrication 
masks.  The  mask  file  format  used  is  the  Caltech  Intermediate  Format,  more  commonly 
referred  to  as  “.CIF”  file  format.  The  mask  file  is  sent  to  the  commercial  fabrication 
company  by  electronic  mail.  CADENCE  is  run  on  a  SPARC  20  SUN  Workstation 
running  at  75  MHz  with  128  Mbytes  of  RAM.  For  comparison,  Figure  3-1  (a)  shows  an 
example  of  a  CADENCE  drawing  of  a  horizontally  deflecting  thermal  actuator,  and 
Figure  3-1  (b)  shows  the  same  microstructure  after  fabrication  and  release. 


(a)  (b) 


Figure  3-1:  Example  of  (a)  a  CAD  drawing  of  a  microstructure  and  (b)  a 
SEM  of  the  same  micro  structure  after  fabrication  and  release.  The  scale 
shown  in  the  CAD  drawing  is  in  micrometers. 
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Although  the  method  of  drawing  a  microstructure  is  straightforward  and  simple, 
the  actual  design  of  the  microstructure  is  not  so  straightforward.  When  drawing  a 
microstructure,  the  designer  must  keep  in  mind  the  many  available  structural  layers  and 
connecting  layers  that  can  be  utilized  to  create  a  microstructure.  Also,  the  designer  must 
be  aware  of  the  actual  fabrication  process  used  to  create  the  final  product.  If  the  designer 
is  not  careful,  serious  flaws  in  the  fabricated  design  may  result.  Design  errors  can  result 
in  much  wasted  time  and  effort,  especially  since  the  fabrication  process  takes  two  months 
to  complete.  The  above  concerns  are  embodied  in  the  design  rules  that  are  specific  to  the 
fabrication  process  used,  which  will  be  discussed  next. 

3.2  Fabrication  of  a  Microstructure 

The  MEMS  used  in  this  research  are  limited  to  be  fabricated  entirely  from 
polycrystalline  silicon  (polysilicon).  The  commercial  surface  micromachining  fabrication 
process  used  by  AFIT  is  the  Multi-User  MEMS  Process  (MUMPs)  by  MCNC  [2].  There 
are  three  polysilicon  layers  available  for  constructing  microstructures.  Two  of  the  layers 
are  releasable  and  the  third  can  only  be  patterned  on  the  substrate.  MUMPS  leaves  the 
finished  polysilicon  microstructures  encased  in  phosphosilicate  glass  (PSG),  also  known 
as  sacrificial  layers.  The  sacrificial  layers  can  be  removed  which  “releases”  the 
polysilicon  microstructures,  leaving  them  free  to  move  on  the  face  of  the  die,  if  so 
designed.  The  “release”  process  will  be  discussed  in  Section  3.3. 
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The  MUMPS  process  begins  with  100  mm  diameter,  500-550  pm  thick,  n-type, 
(100)  oriented  silicon  wafers.  The  wafers  are  heavily  doped  with  phosphorus  (POC13)  in 
a  standard  diffusion  furnace  to  a  resistivity  of  1-2  ohm-cm.  Next,  a  0.6  pm  thick  layer  of 
silicon  nitride  (nitride)  is  deposited  on  the  surface  of  the  wafer  using  low  pressure 
chemical  vapor  deposition  (LPCVD).  The  silicon  nitride  layer  is  used  to  electrically 
isolate  the  surface  of  the  wafer.  The  nitride  layer  is  followed  immediately  by  the 
deposition  of  a  0.5  pm  thick  layer  of  polysilicon  (polyO)  using  LPCVD.  The  polyO  is 
then  patterned  using  photolithography.  The  photolithography  process  entails  coating  the 
wafer  with  positive  photoresist,  exposing  the  wafer  with  UV-light  through  the  appropriate 
mask,  developing  the  resist  which  removes  the  exposed  resist,  reactive  ion  etching  (RIE) 
of  the  exposed  polysilicon,  and  removal  of  the  remaining  resist. 

After  patterning  the  polyO  layer,  a  2.0  pm  thick  layer  of  PSG  (oxide  1)  is  deposited 
using  LPCVD.  The  oxide  1  layer  is  then  patterned  by  photolithography  using  the 
“dimples”  mask.  The  RIE  for  this  step  etches  0.75  pm  into  the  oxide  1  layer.  The  oxide  1 
layer  is  again  patterned  by  photolithography  using  the  “anchor  1”  mask.  The  RIE  for  this 
step  etches  through  the  oxide  1  layer,  and  stops  at  polyO  or  nitride.  The  anchor  1  patterns 
allow  the  “polyl”  layer  to  be  deposited  or  anchored  onto  the  substrate. 

Next,  the  second  layer  of  polysilicon  (polyl)  is  deposited  using  LPCVD  to  a 
thickness  of  2.0  pm.  A  0.2  pm  layer  of  PSG  is  deposited  over  polyl,  and  the  wafer  is 
annealed  at  1050°  C  for  1  hour  to  dope  the  polysilicon  layers  with  phosphorous.  The 
PSG  acts  as  the  dopant  source.  The  PSG  is  then  patterned  using  photolithography.  The 
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patterned  PSG  in  turn  becomes  a  mask  for  polyl,  which  is  etched  using  RIE.  The 
remaining  PSG  mask  is  then  removed  by  RIE. 

After  patterning  polyl,  a  second  0.75  |tm  thick  PSG  layer  (oxide2)  is  deposited 
using  LPCVD.  The  oxide2  layer  is  then  patterned  using  the  “polylpoly2via”  mask  and 
patterned  again  using  the  “anchor2”  mask.  The  polylpoly2via  patterns  are  etched  only 
through  oxide2,  which,  are  meant  to  provide  mechanical  and  electrical  contact  between 
polyl  and  the  third  polysilicon  layer.  The  anchor2  patterns  are  etched  through  oxide  1 
and  oxide2,  and  are  meant  to  provide  mechanical  and  electrical  contact  between  the  third 
polysilicon  layer  and  polyO  or  nitride.  As  a  side  note,  the  nitride  layer  can  be  removed  by 
combining  an  anchor  1  and  polylpoly2via  etch,  or  an  anchor  1  and  anchor2  etch  directly 
over  top  of  each  other.  The  conductive  substrate  can  be  utilized  as  an  electrical  contact 
by  removing  the  nitride  layer. 

The  third,  1.5  |am  thick,  polysilicon  layer  (poly2)  is  deposited  followed  by  a  0.2 
p,m  PSG  layer  using  LPCVD.  The  wafer  is  annealed  at  1050°  C  for  1  hour  to  dope  the 
polysilicon  layers.  Next,  the  PSG  layer  is  patterned  using  photolithography.  The 
patterned  PSG  in  turn  becomes  a  mask  for  poly2,  which  is  etched  using  RIE.  The 
remaining  PSG  mask  is  then  removed  by  RIE. 

Finally,  a  0.5  |am  thick  gold  layer  with  a  0.02  p.m  thick  chromium  adhesion  layer 
is  deposited  and  patterned  using  the  lift-off  method.  Figure  3-2,  is  a  drawing  of  the 
different  layers  used  in  the  MUMPs  process.  The  drawing  shows  the  relative  thicknesses 
and  layer  names.  Note,  the  names  used  to  describe  the  different  MUMPs  layers  and  etch 
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masks  will  be  used  again  throughout  this  document  when  describing  the  micromachines 
used  in  this  research. 


_ gold,  0.5  M^m 

^ - chromium,  0.02  |J.m 


.poly2,  1 .5  pm 
.oxide2,  0.75  pm 
.polyl,  2.0  pm 
dimple,  0.75  pm 
-oxidel,  2.0  pm 
lyO,  0.5  pm 
nitride,  0.6  pm 


silicon  wafer,  500-550  pm 


Figure  3-2:  Drawing  of  the  different  layers  used  in  the  MUMPs  process. 
The  drawing  shows  the  relative  thicknesses  and  layer  names. 


The  MUMPs  process  guarantees  a  minimum  feature  widths  and  feature  spacings 
of  2  pm.  Smaller  feature  widths  and  feature  spacings  can  be  achieved,  but  may  not  be 
reliable  from  one  fabrication  run  to  another.  Figure  3-3  shows  a  process  gauge  fabricated 
on  the  MUMPs  1 8  run  illustrating  achievable  feature  widths  and  spacings  with  the  three 
polysilicon  layers.  The  guaranteed  2  pm  width  and  spacing  is  marked,  the  remaining 
spacings  and  widths  decrease  in  increments  of  0.25  pm.  From  Figure  3-3  it  can  be  seen 
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that  a  1.5  |am  feature  spacing  is  achieved  for  all  three  layers,  and  a  0.5  pm  feature  width 
is  achieved  for  all  layers  except  polyO. 


Figure  3-3:  Scanning  electron  micrograph  of  a  process  gauge  fabricated 
on  the  MUMPs  1 8  run  showing  achievable  feature  widths  and  spacings. 


Figure  3-4  shows  a  comparison  between  the  CADENCE  drawing  of  a  hinge  to  the 
actual  hinge  after  fabrication.  The  CADENCE  drawing  distinguishes  the  different 
structural  layers  and  mask  layers  using  color.  With  reference  to  the  fabricated  hinge,  the 
space  between  the  nitride  and  poly2  hinge  cap  is  where  the  oxide  1  and  oxide2  layers  were 
situated  before  releasing.  The  space  between  the  polyl  hinge  pin  and  the  poly2  hinge  cap 
was  formed  by  the  oxide2  layer,  which  has  also  been  removed  by  the  release  process. 
The  release  process  is  discussed  next. 
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Figure  3-4:  Comparison  of  the  CADENCE  drawing  of  a  hinge  to  the 
actual  hinge  after  fabrication. 


3.3  Release  Process  of  a  Microstructure 

After  the  CAD  designed  micromachines  are  fabricated  using  the  MUMPs  process, 
fifteen  copies  of  the  die  (the  micromachines  are  fabricated  on  a  1  cm  x  1  cm  die)  are 
delivered  to  AFIT.  The  polysilicon  microstructures,  on  each  die,  are  still  encased  in  the 
PSG  from  the  fabrication  process.  Also,  a  coating  of  photoresist  is  applied  to  the  surface 
of  each  die  to  help  protect  it  during  shipping.  This  section  describes  the  “release” 
process,  which  is  the  process  used  to  remove  the  photoresist  coating  and  the  PSG. 

The  release  process  is  performed  in  an  AFIT  laboratory  under  a  chemical  hood. 
Caution  must  be  taken  when  releasing.  Some  of  the  chemicals  used  give  off  harmful 
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vapors  and  can  cause  severe  injury  if  eontact  with  the  skin  occurs.  A  laboratory  coat,  eye 
proteetion,  and  rubber  gloves  are  worn  when  releasing.  The  following  are  the  steps  used 
for  releasing  one  die: 

1)  Soak  die  in  50  ml  of  acetone  for  5  minutes.  This  step  removes  the  bulk  of 
the  photoresist,  if  not  all. 

2)  Soak  die  in  50  ml  of  new  acetone  for  10  minutes.  This  step  ensures 
complete  removal  of  any  traces  of  photoresist. 

3)  Soak  die  in  50  ml  of  isopropyl  alcohol  for  5  minutes.  This  step  is  used  to 
displace  the  aeetone  from  the  die. 

4)  Soak  die  in  50  ml  of  methanol  for  5  minutes.  This  step  is  used  to  displace 
the  isopropyl  alcohol  from  the  die. 

5)  Heat  the  die  on  a  hot  plate  at  70°  C  for  3  minutes.  This  step  is  used  to 
eompletely  evaporate  the  methanol  from  the  surface  of  the  die. 

6)  Soak  die  in  49%  hydrofluoric  acid  for  4  minutes.  This  step  is  used  to  etch 
away  the  PSG  which  encases  the  microstructures  on  the  die. 

7)  Dip  die  in  1  liter  of  deionized  water  for  3  seconds.  This  step  is  used  to 
dilute  and  displace  the  hydrofluoric  acid  to  stop  etching. 

8)  Soak  die  in  50  ml  of  new  isopropyl  alcohol  for  5  minutes.  This  step  is 
used  to  displace  the  water  from  the  die. 

9)  Soak  die  in  50  ml  of  methanol  for  5  minutes.  This  step  is  used  to  displace 
the  isopropyl  alcohol  from  the  die. 
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10)  Soak  die  in  50  ml  of  new  methanol  for  10  minutes.  This  step  is  used  to 
ensure  that  the  die  is  cleansed  from  the  other  chemicals  in  the  process  and 
dust  contamination. 

1 1)  Heat  the  die  on  a  hot  plate  at  70°  C  for  3  minutes.  This  step  is  used  to 
completely  evaporate  the  methanol  from  the  surface  of  the  die. 

12)  Store  die  in  a  clean,  dry,  and  air-tight  container.  The  microstructures  are 
now  released  and  ready  for  testing. 


protective  glasses 
and  gloves 


chemical 


stop  watch 


tweezers  M  LJ  M  P  s 

-“die-' 


Figure  3-5:  Photograph  of  the  setup  typically  used  during  the  release 
process. 


Figure  3-5  shows  a  photograph  of  the  setup  typically  used  during  the  release 
process.  All  of  the  chemicals  used  during  the  process  are  contained  in  acid  resistant 
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beakers.  The  die  is  transported,  during  the  process,  using  acid  resistant  tweezers.  Care 
must  he  taken  to  not  contaminate  the  die  with  oils  or  particulates  by  contact  with  the  skin. 
When  not  testing,  the  die  should  be  stored  in  a  dry  place  or  contamination  from  moisture 
may  affect  the  performance  of  the  microstructures. 
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4.  Experimental  Setup 


This  chapter  describes  the  equipment  used  to  test  the  MEMS  in  this  research. 
Section  4.1  describes  the  equipment  used  to  manipulate  and  electrically  characterize 
microstructures.  Section  4.2  describes  the  equipment  used  to  obtain  images  of  MEMS. 
Section  4.3  discusses  the  equipment  used  to  perform  minor  post-processing  on  the 
MUMPs  die,  and  Section  4.4  describes  the  system  used  to  test  the  microrobot. 

4.1  Manipulation  and  Characterization  of  MEMS 

For  this  research,  all  manipulation  and  electrical  characterization  of 
microstructures  is  performed  on  a  probe  station  using  probes.  Figure  4-1  shows  a 
photograph  of  the  probe  station  with  probes,  setting  on  a  vibration  isolation  table.  Figure 
4-2  shows  a  drawing  of  the  probe  station  only,  with  its  components  labeled.  The  probe 
station  is  a  Model  6200  Analytical  Probe  Station  from  The  Micromanipulator  Company, 
Inc.  The  probe  station  is  operated  on  a  vibration  isolation  table.  Microstructures  can  be 
viewed  through  2.25x  (0.04  N.A.),  8x  (0.15  N.A.),  25x  (0.31  N.A.),  or  50x  (0.45  N.A.) 
objectives. 
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With  a  MUMPs  die  positioned  on  the  center  of  the  vacuum  stage,  microstructures 
are  manipulated  using  four  probes  that  are  positioned  from  the  platen  and  are  held  in 
place  by  vacuum.  Microsystems  are  supplied  electricity,  and  resistance  readings  are 
measured,  through  the  probes.  The  probes  can  be  connected  to  power  supplies  and 
measurement  equipment,  which,  will  be  described  later.  For  electrical  supply  and 
measurements.  Micromanipulator  Model  7B  tungsten  probe  needles,  with  a  0.5  mm  tip 
and  0.02  inch  shank,  are  used.  For  manipulation,  more  fine  Model  7F  nickel  probe 
needles,  with  a  0.5  mm  tip  and  0.001  inch  shank,  are  used. 

The  probes  can  be  connected  to  a  variety  of  power  supplies  and  test  equipment. 
For  this  research,  all  voltage  and  resistance  measurements  were  taken  using  a  Fluke 
77/BN  Multimeter.  All  current  measurements  were  taken  with  a  Fluke  8600A  Digital 
Multimeter.  The  low  voltage  power  supply  used  is  a  HP  6236B  Triple  Output  Power 
Supply,  that  can  provide  0  -  6  V  with  a  current  limit  of  2.5  A  or  0  -  ±20  V  with  a  current 
limit  of  0.5  A.  The  high  voltage  power  supply  used  is  a  Kikusui  Electronics  Model  PAD 
160-lL  regulated  D.  C.  power  supply  that  can  provide  0  -  160  V  with  a  current  limit  of  1 
A.  For  pulsed  input  signals,  a  three  channel  sequencer  is  used.  The  three  channel 
sequencer  is  powered  by  5  V,  an  internal  clock  runs  switches  three  relays  that  can  be 
connected  to  the  power  supplies  discussed  above.  The  operation  of  the  three  channel 
sequencer  is  deseribed  in  detail  by  Comtois  [1].  Figure  4-3  shows  a  photograph  of  the 
test  equipment  described  above. 
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Figure  4-3:  Photograph  of  test  equipment  used  with  the  probe  station. 


4.2  Image  Recording  and  Photography 

Video  recordings  of  microstructures  were  taken  through  a  Sanyo  VCC  3700  Color 
CCTV  video  camera  (shown  in  Figure  4-2)  mounted  near  the  eyepieces  of  the  analytical 
probe  station,  and  connected  to  a  VCR  (shown  in  Figure  4-3).  All  still  video  images 
presented  in  this  thesis  were  captured  on  an  Alessi  REL-5500  probe  station  using 
Cascade  Microtech  Prober  Software  through  a  Panasonic  GP-KR222  video  camera 
connected  to  a  video  capture  card.  The  captured  images  are  stored  as  bitmaps. 

All  scanning  electron  micrographs  presented  from  this  research,  were  taken  on  an 
International  Scientific  Instruments  WB-6  Scanning  Electron  Microscope  (SEM).  The 
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film  used  is  Polaroid,  black  and  white.  Type  55,  Positive-Negative,  4x5  Instant  Sheet 
Film.  The  SEM,  shown  in  Figure  4-4,  was  operated  using  a  200  micron  aperture  with  a 
gun  potential  of  10  kV,  emission  current  of  90  pA,  medium  working  distance,  and  a 
photo  speed  of  2. 


Figure  4-4:  Photograph  of  scanning  electron  microscope  used  in  this 
research. 

4.3  Post-processing  of  MUMPs  Die 

The  weight  of  MUMPs  die  and  other  related  samples  were  measured  in  this 
research.  All  mass  measurements  presented  in  this  thesis  were  measured  using  a  Mettler 
Toledo  Electronic  Scale,  model  no.  AG245.  The  accuracy  of  the  scale  is  ±  0.01  mg. 
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All  wirebonding  was  performed  on  a  Kulicke  and  Soffa  Industries,  Model  4124, 
Universal  Thermosonic  Gold  Ball  Bonder  using  0.001  inch  diameter  gold  wire.  The 
settings  for  the  bonder  are  as  follows  for  the  ball  and  wedge  bonds  respectively:  force,  4.0 
and  4.0;  time,  5.4  and  6.0;  power,  3.4  and  5.8.  The  loop  and  search  heights  were  adjusted 
as  needed  for  the  specific  situation.  The  bonder  is  shown  below  in  Figure  4-5. 


Figure  4-5:  Photograph  of  Thermosonic  Gold  Ball  Bonder. 


During  this  research,  the  need  for  modifying  MEMS  designs  after  fabrication 
arose.  A  laser  cutter  provided  an  elegant  way  for  modification.  The  laser  cutter  was  used 
to  correct  design  errors  and  to  modify  microstructures  to  enhance  experiments.  Figure  4- 
6  shows  a  drawing  of  the  laser  cutter  mounted  to  the  Micromanipulator  probe  station 
described  in  Section  4.1. 


4-6 


-OPTIONAL  TV  CAMERA 


Figure  4-6:  Drawing  of  laser  cutter  used  in  this  research.  Drawing  taken 
from  instruction  manual. 


The  laser  cutter  is  a  Micromanipulator  Model  LAS-2001  Class  I  Laser  Cutter.  The  laser 
has  a  wavelength  of  532  nm  (green),  and  the  energy  on  target  can  be  varied  from  10'  J  to 
lO"^  J.  The  cut  hole  can  be  varied  from  approximately  1  pm  to  14  pm  in  diameter,  using 
a  50x/.45  N.A.  objective,  by  varying  the  cut-size  adjustment  and  the  microscope  zoom. 
In  general,  the  cut  hole  diameter  and  depth  can  be  varied  by  varying  the  output  energy, 
cut-size  adjustment,  use  or  non-use  of  filter,  objective,  zoom,  and  focus.  Figure  4-7 
shows  an  example  of  where  the  laser  cutter  was  used  to  sever  a  gold  on  poly2  wire.  Note, 
the  nitride,  below  the  wire,  was  also  damaged  by  the  laser  blast. 
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Figure  4-7:  Scanning  electron  micrograph  showing  a  gold  on  poly2  wire 
that  was  severed  using  the  laser  cutter. 

In  the  experiment  of  Figure  4-7,  the  laser  cutter  and  microscope  had  the  following 
settings:  100%  (lO""*  J)  energy,  cut-size  set  to  "small",  no  filter,  0.5  N.A.,  1:1  zoom,  and 
in  focus  on  the  gold  layer.  The  wire  was  severed  using  four  laser  cuts.  The  laser  spot 
was  approximately  1-2  pm  in  diameter,  however,  the  resulting  damage  has  a  greater  area, 
as  can  be  seen  from  Figure  4-7.  Figure  4-7  also  shows  four  drawn  circles  that  mark  the 
approximate  locations  where  each  laser  spot  hit. 

Some  of  the  experiments  in  this  research  required  mechanical  lapping  of  the  back 
of  the  MUMPs  die.  The  die  were  lapped  dry  using  320  grit  cabinet  paper  with  a  Buehler 
Minimet  1000  Grinder/Polisher,  set  at  5  lbs  pressure  and  50  rpm.  The  following  steps 


were  taken  to  lap  a  die: 


1)  Heat  the  grinder/polisher  specimen  mount  on  a  hot  plate  to  97°  C. 

2)  Apply  a  circular  dab  of  Crystal  Bond  thermal  adhesive  to  the  center  of  the 
specimen  mount,  leaving  the  specimen  mount  on  the  hot  plate.  The  dab  must 
be  wide  enough  to  encompass  the  1  cm  square  MUMPs  die. 

3)  Set  one  unreleased  MUMPs  die,  micromachined  face  down,  onto  the  dab  of 
thermal  adhesive,  ensuring  the  die  is  in  the  center  of  the  specimen  mount. 
Leaving  the  specimen  mount  on  the  hot  plate  for  5  minutes,  let  gravity  settle 
the  die  into  the  thermal  adhesive. 

4)  Remove  the  specimen  mount  from  the  hot  plate  and  let  cool  to  room 
temperature.  Remove  excess  thermal  adhesive  from  the  specimen  mount 
using  cotton  swabs  and  acetone.  Leave  a  build-up  of  thermal  adhesive  around 
the  edges  of  the  die  to  help  protect  the  edges  of  the  die  from  chipping  or 
abrasion  during  the  lapping  process. 

5)  Measure  the  thickness  of  the  die  and  specimen  mount  with  a  micrometer  at 
several  locations  on  the  die. 

6)  Install  the  specimen  mount  onto  the  grinder/polisher  arm  and  begin  lapping. 

7)  During  the  lapping,  periodically  check  the  thickness  of  the  die  with  a 
micrometer,  until  the  desired  thickness  is  reached. 

8)  Remove  specimen  mount  from  the  grinder  polisher  arm,  and  heat  on  the 
hotplate  to  97°  C.  Pick  up  the  die  using  tweezers.  The  die  can  now  be 
released  using  the  same  release  process  described  in  Chapter  3. 
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4.4  Micro  robot  Test  Setup 


The  microrobot  will  be  described  in  detail  in  Chapter  5,  however,  a  brief 
description  should  be  given  at  this  point  to  assist  in  understanding  the  purpose  of  the  test 
equipment  to  be  described.  The  microrobot  is  actually  a  1  cm  by  1  cm  by  550  pm  silicon 
chip  with  230  pm  long,  surface  micromachined  legs  protruding  from  one  side.  The  other 
side  of  the  chip  has  no  microstructures  on  it.  The  microrobot  legs  are  powered  through 
three  attached  gold  bondwires  by  the  low  voltage  power  supply  through  the  three  channel 
sequencer. 

Figure  4-8  shows  a  photograph  of  the  microrobot  test  setup. 

three  channel 
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Figure  4-8:  Photograph  of  microrobot  test  setup. 
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A  special  test  setup,  designed  by  the  author,  was  used  in  the  testing  of  the  microrohot. 
The  special  setup  is  meant  to  provide  a  precise  means  of  release  onto  the  walking  surface, 
retrieval  from  the  walking  surface,  and  capturing  video  footage  of  the  walking 
experiment. 

Figure  4-9  shows  a  simplified  drawing  of  the  microrobot  test  setup.  The 
microrobot  is  connected  to  the  end  of  an  aluminum  arm  by  mechanical  hold  down  devices 
or  by  vacuum.  The  microrobot  can  be  released  by  turning  off  the  vacuum  at  the  valve. 
The  microrobot  chip  is  wire  bonded  to  a  small  printed  circuit  (PC)  board  five  inches  away 
on  the  arm.  The  PC  board  provides  an  attachment  point  for  the  output  of  the  three 
channel  sequencer. 


Figure  4-9:  Simplified  drawing  of  microrobot  test  setup. 
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The  arm  is  attached  to  a  fine  motion  positioner,  essentially  a  probe  positioner.  Figure  4- 
10  shows  a  closer  view  of  the  microrobot  positioner.  A  video  camera  with  a  15x  -  50x 
zoom  lens  is  focused  to  where  the  microrobot  will  contact  the  walking  surface. 


Figure  4-10:  Photograph  of  microrobot  positioner. 


The  position  where  the  robot  legs  contaet  the  walking  surface  can  be  seen  on  the 
monitor,  so  the  microrobot  can  be  released  without  damage  to  the  legs  by  dropping  or 
crushing.  The  walking  surface  is  a  three  inch  silicon  wafer  coated  with  approximately  1 1 
|am  of  polyimide.  The  wafer  is  used  for  its  flatness,  and  the  polyimide  is  used  to 
electrically  passivate  the  walking  surface.  Also,  the  silicon  wafer  is  grounded  with 
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respect  to  the  microrobot's  power  supply  to  help  eliminate  electrostatic  forces  between  the 
microrobot  and  walking  surface.  The  three  channel  sequencer  is  supplied  by  the  low 
voltage  power  supply.  One  circuit  of  the  microrobot’s  legs  is  supplied  by  the  output  of  a 
normally  closed  (NC)  relay,  and  the  other  circuit  is  supplied  by  the  output  of  a  normally 
open  (NO)  relay.  Supplying  power  to  the  microrobot’s  legs  in  this  fashion  allows  one  leg 
circuit  to  operate  on  one  half  of  a  cycle,  and  the  other  leg  circuit  on  the  other  half  of  the 
cycle.  A  dry  box  is  used  as  a  low  moisture  place  to  store  the  microrobot  when  not  in  use. 
Silica  gel  is  used  to  keep  the  box  dry.  Figure  4-11  shows  an  even  closer  view  of  the 
microrobot  positioning  arm  and  the  microrobot. 
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Figure  4-11:  Photograph  of  microrobot  positioning  arm  and  microrobot 
along  side  of  a  nickel  for  size  perspective. 
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5. 


Theory,  Design,  and  Results 


This  chapter  presents  the  theory  and  design  behind,  and  the  results  of  this  thesis 
research.  For  convenience,  the  thesis  research  goals,  from  Chapter  1,  are  repeated  here. 

1)  Erect  microstructures,  originally  in  their  parallel  to  the  substrate  post 
fabrication  position,  to  a  position  normal  to  the  substrate,  using  self 
assembly  techniques. 

2)  Provide  electrical  power  to  erected  structures  by  means  of  practical  low 
resistance  electrical  connections. 

3)  Realize  circular  motion  normal  to  the  substrate. 

4)  Realize  a  microrobot  that  can  move  on  a  flat  surface. 

With  reference  to  the  above  goals,  Sections  5.1  -  5.4  will  cover  the  theory,  design,  and 
results  pertaining  to  Goals  1-4,  respectively. 

5.1  Erecting  Microstructures  Normal  to  the  Substrate 

This  section  presents  the  theory,  design,  and  results  pertaining  to  Research  Goal 
1:  erect  microstructures  normal  to  the  substrate,  using  self  assembly  techniques.  The 
designs  in  this  section  will  be  presented  in  chronological  order  with  reference  to  the 
different  MUMPs  fabrication  runs.  Also,  when  describing  a  design,  the  terminology 
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specific  to  the  MUMPs  fabrication  process  may  be  used.  The  MUMPs  process  is 
described  in  Chapter  3. 

Designs  Pertaining  to  the  MUMPs  18  Fabrication  Run 

Figure  5-1  shows  a  scanning  electron  micrograph  of  a  first  prototype  self 
assembly  system  from  the  MUMPs  18  fabrication  run.  With  reference  to  Figure  5-1,  the 
purpose  of  this  system  is  to  erect  the  "leg"  to  a  perpendicular  position  with  respect  to  the 
substrate,  and  then  be  able  to  actuate  the  leg.  All  of  the  prototype  microsystems 
presented  from  this  research,  except  for  those  pertaining  to  circular  motion,  have  been 
designed  with  the  intended  function  of  being  a  microrobot  leg  system.  For  this  reason, 
the  names  and  functions  of  the  various  components  of  different  prototypes,  presented  in 
this  section  and  the  following  sections,  will  be  the  same. 

With  reference  to  the  leg,  labeled  in  Figure  5-1,  the  leg  is  actually  a  horizontally 
deflecting  thermal  actuator,  and  its  operation  is  described  in  detail  in  Chapter  2.  The 
horizontally  deflecting  thermal  actuator  is  given  the  name  "leg"  because  this  component 
will  eventually  be  utilized  as  a  leg  for  the  microrobot  presented  in  Section  5.4.  Each 
flexure  of  the  leg  is  attached  to,  or  part  of,  the  comer  of  a  square  support  structure.  The 
two  electrically  isolated,  and  physically  separate,  square  support  stmctures  are,  together, 
named  the  "base".  Each  square  support  stmcture,  or  each  side  of  the  base,  is  anchored,  to 
the  nitride,  through  hinges.  The  base  can  pivot  at  the  hinges. 
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Figure  5-1:  Scanning  electron  micrograph  of  first  prototype  self  assembly 
system  from  the  MUMPs  1 8  fabrication  run.  The  figure  shows  a  closer 
view  of  the  rack  and  pawl.  Also  shown  is  a  closer  view  of  the  "s"-wires 
and  partially  raised  base  and  leg. 


Connected  to  either  side  of  the  base,  near  the  hinges,  are  "s"-wires.  These  gold  on  poly2 
structures  are  free  from  the  substrate,  and  connected,  at  the  other  end,  to  standard  wiring 
anchored  to  the  nitride.  The  s-wires  are  so  named  for  their  "s"  shaped  curves.  The 
purpose  of  the  s-wires  is  to  supply  electricity  to  the  leg  through  each  side  of  the  base, 
while  being  able  to  flex  and  twist.  Although  each  side  of  the  base  is  fabricated  from 
conductive  polysilicon,  a  gold  path  is  provided  from  the  points  where  the  spring  wires 
meet  the  base  to  the  point  where  each  flexure  of  the  leg  connects  to  the  base.  The  reason 
for  this  is  because  the  gold  will  provide  a  lower  resistance  path  for  current  relative  to  the 
path  through  the  polysilicon. 

Underneath,  and  on  either  side  of,  the  base  are  "jacks".  The  jacks  are  actually 
vertically  deflecting  thermal  actuators,  and  their  operation  is  described  in  Chapter  2.  The 
vertically  deflecting  thermal  actuators  are  named  jacks  because,  after  being  back-bent, 
they  curl  up  and  raise  the  base.  The  close  up  of  the  base,  in  Figure  5-1,  shows  the 
partially  raised  base,  and  the  back-bent  jacks. 

Cormected  to  the  center  of  each  side  of  the  base,  through  "t" -connectors,  are 
"racks".  The  intended  purpose  of  the  racks  is  to  further  raise  the  base  to  a  normal  to  the 
substrate  position,  after  the  jacks  have  given  the  base  an  initial  lift.  The  rack,  itself,  is 
pulled  back  by  an  arrangement  of  horizontally  deflecting  thermal  actuators,  called  a  linear 
motor.  The  linear  motor  used  in  this  design  is  the  same  motor  described,  in  Chapter  2, 
used  by  Reid,  et.  ah,  in  their  self  assembly  system  [1].  A  brief  description  of  the 
operation  of  the  linear  motor  is  as  follows.  With  reference  to  Figure  5-1,  the  "pusher 
array"  is  back-bent  so  that  the  "pusher"  is  pushing  the  "pawl"  against  the  rack  when 
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unactuated.  With  the  pawl  against  the  rack,  where  the  teeth  of  the  pawl  and  the  teeth  of 
the  rack  are  interlocked,  the  pawl  can  be  pulled  by  the  connected  "puller  array", 
consequently  pulling  the  rack  also.  Next,  the  pusher  array  is  actuated,  disengaging  the 
pawl  from  the  rack,  and  the  puller  array  is  unactuated  allowing  the  pawl  to  return  to  its 
initial  position,  ready  to  be  pushed  against  the  rack  and  pull  again. 

All  of  the  components  of  this  prototype  self  assembly  system  can  be  operated 
electrically  through  gold  on  poly2  on  polyO  standard  wiring  anchored  to  the  nitride.  The 
standard  wiring  is  connected  to  probe  pads,  made  from  gold  on  poly2  on  polyO.  The 
probe  pads  are  supplied  with  electricity  through  probes  at  a  probe  station  as  described  in 
Chapter  4. 

Results  Pertaining  to  the  MUMPs  18  Fabrication  Run 

Several  trials  of  attempting  to  assemble  the  system  and  variants  of  the  system 
described  above  were  performed  at  a  probe  station.  The  jacks  were  able  to  lift  the  base  as 
intended.  The  bases  were  lifted  or  pivoted  about  their  hinges  to  angles  of  typically  7.2°, 
8.6°,  13°  for  the  different  s-wire  designs  in  Figure  5-2  (a).  Figure  5-3  (a),  and  Figure  5-1, 
respectively.  To  backbend  the  jacks,  7.25  V  was  applied  between  the  "GND"  and 
"jacks"  probe  pads  (see  Figure  5-1)  for  3  seconds.  The  current  consumption  of  the  jacks 
was  23  mA,  at  this  voltage. 

Although  the  jack  part  of  this  self  assembly  system  was  successful,  the  linear 
motor  part  was  not.  During  several  attempts  to  further  lift  the  base  with  the  linear 
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motors,  no  further  lifting  of  the  base  was  observed.  The  pawls  were  observed  grabbing 
the  racks  and  the  t-connectors  were  observed  vibrating  while  the  motor  was  ruiming.  It  is 
suspected  that  the  resistive  torque  of  the  s-wires  on  the  base  was  too  great  for  the  linear 
motors  to  overcome. 


Figure  5-2:  Scanning  electron  micrographs  of  the  leg  and  base  after  being 
raised  by  the  jacks.  The  s-wires  have  been  severed  from  the  base,  using  a 
laser  cutter,  in  (b). 


Figure  5-3:  Scanning  electron  micrographs  of  the  leg  and  base,  using  a 
different  s-wire  design,  after  being  raised  by  the  jacks.  The  s-wires  have 
been  severed  from  the  base,  using  a  laser  cutter,  in  (b). 
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Figure  5-2  (b)  and  Figure  5-3  (b)  show  the  raised  leg  and  base  after  the  s-wires 
have  been  severed,  from  the  base,  using  the  laser  cutter  discussed  in  Chapter  4.  This  was 
done  to  determine  if  the  jacks  were  being  held  back  from  a  full  deflection  by  the  resisting 
torque  of  the  spring  wires.  The  wires  were  cut  after  the  MUMPs  18  die  was  fully 
released.  It  was  found  that  the  jacks  were  able  to  deflect  more  after  the  wires  were  cut. 
For  example,  the  bases  were  pivoted  about  their  hinges  to  angles  of  17.2°  and  23.6°  in 
Figure  5-2  (b)  and  Figure  5-3  (b),  respectively. 

Figure  5-4  is  a  scanning  electron  micrograph  of  a  more  compact  self  assembly 
system  prototype.  Most  of  the  components  of  this  system  are  the  same  as  the  design 
discussed  above. 


Figure  5-4:  Scanning  electron  micrograph  of  a  more  compact  self 
assembly  system  prototype. 
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The  only  difference  in  design  is  an  array  of  horizontally  deflecting  thermal  actuators,  or 
"locking  tab  array",  connected  to  "locking  tabs",  instead  of  a  linear  motor  and  rack 
system.  The  intended  operation  is  as  follows.  The  jacks  lift  the  base  partway.  Next,  the 
locking  tab  array  flexes  forward,  inserting  locking  tabs  into  locking  tab  slots  in  the  base. 
The  locking  tab  array  is  then  back-bent,  pulling  the  base  and  leg  into  an  upright  position. 

The  jacks  were  able  to  pivot  the  base,  however  the  locking  tab  array  could  not  flex 
far  enough  to  lock  the  locking  tabs  in  the  locking  tab  slots.  Figure  5-5  shows  the  leg  and 
base  lifted  by  the  jacks.  Figure  5-6  shows  the  leg  and  base  after  being  locked  into  the 
locking  tabs  by  lifting  the  base  with  probes.  Also  shown  is  a  close  up  view  of  a  locking 


tab  and  locking  tab  slot. 


Figure  5-6:  Scanning  electron  micrographs  of  the  leg  and  base  after  being 
locked  into  the  locking  tabs  and  a  close  up  view  of  a  locking  tab  and 
locking  tab  slot.  The  base  was  lifted  with  probes  until  the  locking  tabs 
locked  into  place. 


Design  and  Results  Pertaining  to  the  MUMPs  19  Fabrication  Run 


Designs  for  the  MUMPs  19  fabrication  run  were  due  before  MUMPs  18  was 
received  at  AFIT  and  analyzed.  For  this  reason,  lessons  learned  from  MUMPs  18  could 
not  be  applied  to  this  nm.  In  this  design,  the  objective  was  to  make  the  self  assembly 
system  as  compact  and  as  simple  as  possible. 

Figure  5-7  shows  a  captured  video  image  of  the  prototype  self  assembly  system 
designed  for  MUMPs  19.  The  intended  operation  of  this  system  is  as  follows.  The  jacks 
give  the  base  an  initial  lift.  Next,  the  locking  tab  arrays  flex  towards  the  base  to  lock  the 
locking  tabs  into  the  locking  slots. 


Figure  5-7:  Captured  video  image  of  a  prototype  self  assembly  system 
designed  for  MUMPs  19. 
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The  locking  tab  arrays  then  can  be  adjusted  by  backbending  or  operation  in  the  normal 
mode  to  move  the  leg  into  a  desired  position.  Electricity  is  supplied  to  the  leg  through 
each  side  of  the  base.  Each  side  of  the  base  is  supplied  electricity  through  the  physical 
contact  of  the  locking  tab  to  the  base.  The  two  locking  tab  arrays  are  electrically 
separated,  so  the  leg  can  be  powered  through  the  same  probe  pads  which  are  used  to 
supply  power  to  the  locking  tab  arrays.  Figure  5-8  shows  a  scanning  electron  micrograph 
of  the  leg  and  base  after  being  lifted  by  the  jacks.  The  leg  is  bent  down  towards  the 
substrate  because  the  hot  arm  and  cold  arm  flexure  have  been  melted  from  being  over 
driven.  Figure  5-9  shows  a  closer  view  of  the  leg  and  base. 


Figure  5-8:  Scanning  electron  micrograph  of  leg  and  base  after  being 
lifted  by  the  jacks.  The  leg  is  bent  down  towards  the  substrate  because  the 
hot  arm  and  cold  arm  flexure  have  been  melted  from  being  over  driven. 
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Figure  5-9:  A  closer  view  of  the  leg  and  base  from  Figure  5-8.  Note,  the 
locking  tabs  are  not  fully  engaged  in  the  locking  tab  slots. 


Although  the  jacks  were  able  to  lift  the  base  very  high,  as  seen  in  Figure  5-9,  the 
locking  tab  arrays  were  not  able  to  flex  far  enough  for  the  locking  tabs  to  lock  fully  into 
place.  The  locking  tabs  missed  the  locking  tab  slots  by  approximately  4  pm.  If  the 
locking  tabs  in  this  design  are  extended  four  or  more  micrometers,  this  would  be  a 
successful  self  assembly  design,  however,  the  mechanieal  contacts  between  the  base  and 
loeking  tabs  would  not  be  a  low  resistance  connection.  The  electrical  contacts  are 
discussed  further  in  Seetion  5.2. 
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Design  and  Results  Pertaining  to  the  MUMPs  20  Fabrication  Run 


For  this  fabrication  run,  the  microrobot  was  designed.  The  leg  for  the  microrobot 
is  based  on  the  same  self  assembly  systems  as  in  the  previous  two  fabrication  runs.  In 
this  design,  the  s-wires  have  been  redesigned  for  a  more  compact  size,  while  still  being 
flexible.  The  redesigned  s-wires  are  now  called  "spring  wires".  Also,  the  jacks  were 
moved  closer  to  the  pivot  point  of  the  base.  This  design  will  be  discussed  in  more  detail 
in  Section  5.4  where  the  microrobot  design  is  presented,  however,  the  results  pertaining 
to  self  assembly  will  be  discussed  here. 


Figure  5-10:  Scanning  electron  micrograph  of  the  microrobot  leg  self 
assembly  system  designed  for  the  MUMPs  20  fabrication  run. 
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Figure  5-10  shows  a  scanning  electron  micrograph  of  the  microrobot  leg  self 
assembly  system  designed  for  the  MUMPs  20  fabrication  run.  The  intended  method  of 
erecting  the  leg  and  base  is  the  same  as  in  the  MUMPs  19  design.  The  jacks  are  meant  to 
initially  lift  the  base.  Next,  the  locking  tab  array  is  flexed  to  lock  the  locking  tabs  into  the 
base.  Power  is  then  removed  from  the  locking  tab  array  to  allow  the  leg  to  be  pulled  into 
a  normal  to  the  substrate  position.  The  locking  tab  array  can  also  be  back-bent  to  further 
pull  the  base  and  leg  into  a  desired  position. 

Unfortunately,  the  jacks  were  not  able  to  lift  the  base  significantly.  From  Figure 
5-11,  it  is  estimated  that  the  base  is  lifted  a  degree  or  less. 


Figure  5-11:  Scanning  electron  micrograph  showing  leg  and  base  barely 
lifted  from  the  substrate  by  the  back-bent  jacks. 


Most  likely,  the  spring  wires  are  too  stiff  for  the  jack  to  twist  by  lifting  the  base.  To 
support  this  conclusion,  a  static  analysis  is  performed  on  this  design  where  the  force  that 
the  jacks  provide,  the  resistive  torque  from  the  twisting  of  the  spring  wires,  and  other 
forces  are  estimated  and  compared.  For  this  analysis  please  see  Appendix  A. 


Design  and  Results  Pertaining  to  the  MUMPs  21  Fabrication  Run 


Another  microrobot  leg  self  assembly  system  was  designed  for  the  MUMPs  21 
fabrication  run.  The  leg  is  part  of  another  microrobot  design.  Figure  5-12  shows  a 
CADENCE  drawing  of  this  self  assembly  system. 
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Figure  5-12:  CADENCE  drawing  of  a  prototype  microrobot  leg  self 
assembly  system  designed  for  fabrication  in  the  MUMPs  21  fabrication 
run. 
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This  system  is  intended  to  assemble  during  the  release  proeess.  Gold  covered  poly2 
cantilevers,  anchored  to  the  nitride  at  one  end,  and  positioned  under  the  base  at  the  other, 
are  used  as  the  jacks.  The  intended  operation  of  this  self  assembly  system  is  as  follows. 
As  this  system  is  released,  the  cantilevers  curl  away  from  the  substrate  due  to  the  stress  of 
the  gold  on  the  poly2.  As  the  cantilevers  curl,  the  base  is  raised  and  pivoted  about  its 
hinges,  and  locked  onto  the  locking  arms.  The  agitation  of  the  release  fluids,  on  the  leg 
and  base,  assist  in  locking  the  base  onto  the  locking  arms. 

Extra  wide  (30  pm)  locking  tabs  are  used  to  increase  contact  area  between  the 
locking  arms  and  the  base.  The  wide  locking  tabs  are  used  in  hopes  of  achieving  lower 
resistance  electrical  connections  with  the  base.  The  leg  is  powered  through  the  locking 
arms. 


The  deflection  {d)  of  the  end  of  the  cantilever  was  designed  using  the  relationship 
given  by  Obermeier  [2]: 


^  (l-v)3ZV_ 

«  -  T  ^  gold 


Et 


poly2 


where  v  is  Poisson’s  ratio,  L  is  the  length  of  the  cantilever,  tg^u  is  the  thickness  of  the 
gold  layer,  E  is  Young’s  modulus,  tpoiy2  is  the  thickness  of  the  poly2  layer,  and  is  the 
stress  of  the  gold  layer.  Letting  v  =  0.22  [3],  L  =  300  pm,  ^  0-5  pni,  E  =169  GPa 
[3],  tpgiy2  =1.5  pm,  and  =  67.5  MPa  (average  of  the  reported  gold  stress 

measurements  from  the  previous  four  MUMPs  fabrieation  runs),  the  deflection  of  the 
cantilever  {d)  is  approximately  18.7  pm. 
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Figure  5-13  shows  an  assembled  microrobot  leg.  The  deflection  of  unloaded 
cantilevers  were  measured  to  be  20  -  23  |am,  which,  agrees  rather  well  with  the  above 
prediction.  Unassisted  by  agitation  during  the  release  process,  the  cantilevers  could  raise 
microrobot  legs  to  approximately  20  degrees  with  respect  to  the  substrate.  Assisted  by 
agitation  during  the  release  process,  the  legs  could  be  raised  to  90  degrees  and  locked  into 
place. 


Figure  5-13:  Scanning  electron  micrograph  of  assembled  microrobot  leg 
used  in  the  microrobot  design  of  the  MUMPs  21  fabrication  run. 

The  self  assembly  mechanisms  of  this  system  are  very  unreliable,  however,  and 
for  the  most  part,  unpredictable.  The  microrobot  in  this  design  has  90  legs.  Results 
varied  from  as  few  as  one  leg  being  raised  20  degrees  to  50  legs  being  locked  into  place. 
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A  release  method  that  could  reliably  assemble  the  robot  legs  was  not  found.  The 
unreliability  can  be  attributed  to  a  design  error  where  the  gold  layer  of  the  cantilever  is 
the  same  width  as  the  poly2  layer.  Due  to  slight  misalignment  of  the  photoresist  mask 
used  in  the  lift  off  process  of  patterning  the  gold,  a  thin  pattern  of  gold  is  formed  beside 
the  poly2  cantilevers.  During  the  release  process,  as  the  oxide  is  etched  away,  the  thin 
pattern  of  gold  drops  onto  the  nitride  and  sticks.  The  thin  gold  pattern  can  also  contact 
the  side  of  the  cantilever.  When  the  thin  gold  pattern  is  sticking  to  the  nitride  and 
contacting  the  side  of  the  cantilever,  the  cantilever  can  be  restrained  from  deflecting. 
Future  designs  should  keep  the  gold  layer  at  least  2  pm  away  from  the  edge  of  the  poly2. 

5.2  Providing  Electrical  Power  To  Erected  Structures  By  Means  Of  Practical 
Low  Resistance  Electrical  Connections 

This  section  presents  the  theory,  design,  and  results  pertaining  to  Research  Goal 
2:  provide  electrical  power  to  erected  structures  by  means  of  practical  low  resistance 
electrical  connections.  The  designs  in  this  section  will  be  presented  in  chronological 
order  with  reference  to  the  different  MUMPs  fabrication  runs. 

Designs  and  Results  Pertaining  to  the  MUMPs  1 7  Fabrication  Run 

Figure  5-14  (a)  shows  a  scanning  electron  micrograph  of  a  hinged  horizontally 
deflecting  thermal  actuator;  (b)  shows  the  same  actuator  after  being  erected  normal  to  the 
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substrate  with  probes.  This  design  is  the  first  attempt,  in  this  researeh,  of  providing  low 
resistance  electrical  connections  to  erected  microstructures.  Each  flexure  of  the  actuator 
is  connected  to  a  probe  pad  through  gold  on  poly2  lines  that  are  not  anchored  to  the 
nitride.  However,  a  small  intentional  gap  was  designed  in  each  poly2  line,  but  not  in  the 
gold.  The  gap  was  just  small  enough  for  a  gold  bridge  to  form  across  the  gap  during 
fabrication.  This  experiment  was  to  determine  if  the  gold  could  bend,  while  the  actuator 
is  pivoted  to  the  upright  position,  and  still  maintain  an  electrical  connection.  As  shown  in 
Figure  5-14  (b),  the  gold  snapped. 


(a)  (b) 

Figure  5-14:  Scanning  electron  micrographs  of  a  hinged  horizontally 
deflecting  thermal  actuator:  (a)  initial  position,  (b)  erected  with  probes. 
This  device  was  designed  for  the  MUMPs  17  fabrication  run. 


Since  the  hinge  pins  touch  the  hinge  caps,  supplying  electricity  to  the  actuator 
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tlirough  the  hinge  caps  was  also  attempted.  A  probe  was  placed  on  each  hinge  and  a 
voltage  of  up  to  24  V  applied,  however,  no  current  flow  was  measured. 


Designs  and  Results  Pertaining  to  the  MUMPs  18  Fabrication  Run 


In  these  designs,  s-wires  were  used  to  successfully  supply  low  resistance  electrical 
connections  to  erected  structures.  Figure  5-1,  Figure  5-2,  Figure  5-3,  and  Figure  5-6 
show  four  different  designs.  The  s-wires  are  made  from  gold  on  poly2  and  are  10  pm 
wide.  The  s-wires  supply  electricity  to  each  side  of  the  base,  and  each  side  of  the  base  is 
connected  to  each  flexure  of  the  leg,  respectively.  Figure  5-15  shows  two  legs  that  were 
overdriven  to  provide  dramatic  evidence  of  the  current  capability  of  the  s-wires. 


path  of 


Figure  5-15:  Scanning  electron  micrographs  showing  (a)  a  melted  hot 
arm  of  a  leg,  and  (b)  a  back-bent  leg.  The  legs  were  melted  and  back-bent 
through  the  s-wires. 
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Designs  and  Results  Pertaining  to  the  MUMPs  19  Fabrication  Run 


In  the  MUMPs  19  fabrication,  supplying  electrical  power  to  erected  structures 
through  mechanical  contacts  was  investigated.  Figure  5-7  -  Figure  5-9  show  a  design 
where  this  concept  was  tested.  Electricity  is  supplied  to  each  side  of  the  base  from 
locking  tabs  that  are  inserted  into  locking  tab  slots.  The  locking  tab  slots  are  located  in 
the  center  of  each  side  of  the  base.  The  intended  operation  of  this  electrical  supply  is  that 
the  physical  contact  between  the  underside  and  sides  of  the  locking  tabs  with  the  edges  of 
the  locking  tab  slots  will  pass  current.  An  advantage  of  this  method  of  electrical  supply 
are  that  the  jacks  can  raise  the  base  with  less  mechanical  resistance  than  if  there  were  s- 
wires  or  spring  wires  attached  to  the  base.  A  disadvantage  of  this  method  of  electrical 
supply  is  that  it  turns  out  to  be  a  high  resistance  contact.  For  example,  the  device  shown 
in  Figure  5-9  would  not  conduct  current  xmtil  an  input  voltage  of  over  20  volts  was 
reached.  Consequently,  the  physical  connection  must  have  fused,  and  the  large  input 
voltage  immediately  caused  the  leg  to  melt. 

Designs  and  Results  Pertaining  to  the  MUMPs  20  Fabrication  Run 

In  this  fabrication  run,  the  s-wires  from  the  MUMPs  18  fabrication  run  were 
redesigned  to  be  more  compact  and  flexible.  The  redesigned  wires  are  named  "spring 
wires".  Several  different  working  designs  were  created.  Figure  5-16  shows  scanning 
electron  micrographs  of  some  of  the  versions  of  spring  wires  created.  Each  end  of  a 
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spring  wire,  in  Figure  5-16,  is  connected  to  a  probe  pad,  and  the  other  end  is  connected  to 
a  base. 


(c) 


Figure  5-16:  Scanning  electron  micrographs  of  different  style  spring 
wires  designed  for  the  MUMPs  20  fabrication  run. 


Another  version  of  spring  wire  design  was  adopted  for  use  in  powering  the 
microrobot  leg  system.  The  microrobot  leg  system  will  be  described  in  detail  in  Section 
5.4.  Figure  5-17  (a)  shows  a  scanning  electron  micrograph  of  the  final  microrobot  leg 
design  after  being  erected  with  probes.  The  spring  wires  can  be  seen  cormected  to  either 
side  of  the  base.  Figure  5-17  (c)  -  (d)  shows  closer  views,  from  different  perspectives,  of 
the  spring  wire.  All  of  the  spring  wire  designs  except  for  Figure  5-16  (a)  can  be  twisted 
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Figure  5-17:  Scanning  electron  micrographs  of  microrobot  leg  system 
and  different  perspective  views  of  spring  wires:  (a)  shows  a  full  view  of 
microrobot  leg  system  with  spring  wires  connected  to  either  side  of  the 
base;  and  closer  views  of  the  spring  wire  from  (b)  front  or  top  view,  (c) 
side  view,  and  (d)  back  or  bottom  view. 


Another  attempt  at  creating  a  flexible  low  resistance  electrical  connections  for  self 
assembly  systems  is  "chain  wire".  Chain  wire  is  an  interlocking  chain  of  polysilicon 
links.  The  polysilicon  chain  is  then  coated  with  a  layer  of  gold.  Figure  5-18  shows  two 
different  versions  of  chain  wire. 
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Figure  5-18  Scanning  electron  micrograph  of  "chain  wire".  Subfigure  (a) 
shows  a  far  view  of  the  chain  wires  cormected  to  either  side  of  the  base, 
and  the  other  ends  of  the  chain  wires  are  conneeted  to  probe  pads  not  in 
view;  (e)  shows  a  closer  view  of  the  chain  wire  conneeted  to  the  left  side 
of  the  base;  and  (e)  is  a  close  view  of  the  ehain  wire  connected  to  the  base 
before  the  base  is  erected  with  probes.  Subfigures  (b),  (d),  and  (f)  are  the 
same  type  of  views  except  a  different  style  chain  link  is  employed  in  the 
chain  wire. 
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Figure  5-18  (a)  shows  a  far  view  of  the  ehain  wires  connected  to  either  side  of  the  base, 
and  the  other  ends  of  the  chain  wires  are  connected  to  probe  pads  not  in  view;  (c)  shows  a 
closer  view  of  the  chain  wire  connected  to  the  left  side  of  the  base;  and  (e)  is  a  close  view 
of  the  chain  wire  connected  to  the  base  before  the  base  is  erected  with  probes.  Subfigures 
(b),  (d),  and  (f)  are  the  same  type  of  views  except  a  different  style  chain  link  is  employed 
in  the  chain  wire. 

The  gold  was  intended  to  form  a  continuos  flexible  sheet  over  the  chain  links,  or 
at  least  form  conductive  bridges  between  chain  links.  Although  the  chain  wires  turned 
out  to  be  non-conductive,  the  design  is  still  noteworthy  for  its  possible  applications  or 
refinement. 

5.3  Realizing  Circular  Motion  Normal  to  the  Substrate 

This  section  presents  the  theory,  design,  and  results  pertaining  to  Research  Goal 
3:  realize  circular  motion  normal  to  the  substrate.  The  designs  in  this  section  will  be 
presented  in  chronological  order  with  reference  to  the  different  MUMPs  fabrication  runs. 

Designs  and  Results  Pertaining  to  the  MUMPs  1 7  Fabrication  Run 

Figure  5-19  shows  a  prototype  wheel  system  designed  for  the  MUMPs  17 
fabrication  run.  The  objective  of  this  design  was  to  demonstrate  that  a  wheel  could  be 
assembled  normal  to  the  substrate.  Figure  5-19  (a)  shows  the  wheel  unassembled,  (b) 
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shows  the  wheel  after  being  assembled  by  probes,  and  (c)  is  a  close  side  view  of  the 
wheel  at  the  hub.  The  wheel  is  assembled  by  first  folding  up  both  "hinged  A-frames" 
with  probes.  The  hinged  A-frames  will  remain  in  an  upright  position.  Next,  the  222  pm 
diameter  wheel  is  snapped  off  of  a  thin  poly2  hold  down  with  probes,  much  like  snapping 
off  plastic  model  parts  from  a  model  tree.  The  wheel  is  then  lifted  with  probes  and 
pressed  onto  the  snap  on  axle  of  the  A-frame. 


Figure  5-19:  Scaiming  electron  micrographs  of  a  wheel  erected  normal  to 
the  substrate:  (a)  shows  the  wheel  unassembled,  (b)  shows  the  wheel  after 
being  assembled  by  probes,  and  (c)  is  a  close  side  view  of  the  wheel  at  the 
hub. 
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Designs  and  Results  Pertaining  to  the  MUMPs  19  Fabrication  Run 


Figure  5-20  shows  a  scanning  electron  micrograph  of  a  wheel  with  the  same  basic 
design  as  in  the  MUMPs  17  wheel,  except  teeth  are  added  to  the  wheel.  Also,  a  vertically 
deflecting  thermal  actuator  is  added  under  the  wheel.  After  being  back-bent,  the  actuator 
can  be  actuated  with  a  pulsed  signal  causing  the  actuator  to  move  up  and  down  with 
respect  to  the  substrate.  The  end  of  the  actuator  is  intended  to  catch  on  the  teeth  of  the 
wheel  and  cause  it  to  rotate. 


Figure  5-20:  Same  wheel  system  design  as  in  Figure  5-19  except  teeth 
are  added  to  the  wheel  and  a  vertically  deflecting  thermal  actuator  is  added 
to  spin  the  wheel.  Fabricated  in  the  MUMPs  19  fabrication  run. 


The  wheel  in  Figure  5-20  did  not  rotate,  because  the  wheel  is  too  tight  on  the  axle. 
Both  the  wheel  and  the  A-frame  where  observed  to  shake  while  pulsing  the  vertically 
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deflecting  thermal  actuator.  A  design,  successful  in  realizing  rotating  motion,  is  shown, 
unassembled,  in  Figure  5-21.  With  reference  to  Figure  5-21,  when  the  frame  is  pushed 
from  the  left  end  with  a  probe,  the  frame  will  fold  up  in  the  middle.  "Folding  hinges" 
allow  the  middle  of  the  frame  to  fold  up  away  from  the  substrate.  The  right  side  of  the 
frame  is  held  in  place,  but  allowed  to  pivot,  by  hinges  anchored  to  the  nitride.  Guides  on 
either  side  of  the  frame  keep  the  frame  straight  as  it  folds  into  position.  The  guides  have 
toothed  notches  that  ratchet  past  a  toothed  lock.  The  toothed  lock  allows  the  frame  to  be 
held  at  various  upright  positions.  As  the  frame  folds  into  its  upright  position  a  222  pm  in 
diameter,  toothed  wheel  unfolds  off  of  the  frame  and  drops  down  into  a  "V"  shaped  part 
of  the  frame.  The  final  upright  position  of  the  frame  places  the  edge  of  the  wheel  over  the 
"Y"-shaped  end  of  a  vertically  deflecting  thermal  actuator.  After  being  back-bent,  the 
thermal  actuator  can  be  pulsed  to  bump  the  edge  of  the  wheel,  causing  the  wheel  to  spin. 
Figure  5-22  shows  the  wheel  system  after  being  assembled.  Figure  5-23  is  a  closer  view 
of  where  the  tip  of  the  vertically  deflecting  thermal  actuator  meets  the  teeth  of  the  wheel. 


Figure  5-21:  Captured  video  image  of  an  unassembled,  rotating  wheel 
system  fabricated  on  the  MUMPs  19  fabrication  run. 


5-28 


For  this  experiment,  the  vertically  deflecting  thermal  actuator  was  back-bent  by 
applying  a  potential  of  16  volts  and  4.3  mA  DC  through  the  hot  arms  of  the  actuator  for 
10  seconds.  The  vertically  deflecting  thermal  actuator  was  powered  using  a  square  wave 
input.  The  amplitude  and  frequency  of  the  square  wave  was  varied.  The  wheel  would 
not  spin  because  the  teeth  were  getting  caught  on  the  top  of  the  frame.  To  remedy  this 
situation,  the  laser  cutter  was  used  to  cut  out  a  section  of  the  top  of  the  frame.  Figure  5- 
24  shows  an  example  of  a  cut  frame  (a)  before  assembly  and  (b)  after  assembly. 


Figure  5-24:  Scanning  electron  micrographs  of  the  top  section  of  the 
rotating  wheel  system,  from  Figure  5-21,  after  being  cut  by  the  laser 
cutter:  (a)  frame  before  assembly  and  (b)  frame  after  assembly. 


After  cutting  the  frame  with  the  laser  cutter,  the  frame  was  assembled  with 
probes,  and  the  vertically  deflecting  thermal  actuator  back-bent.  A  3.2  volt  amplitude 
square  wave  input  to  the  vertically  deflecting  actuator  at  frequencies  around  7.2  Hz  was 
found  to  cause  the  wheel  to  rotate.  The  wheel  was  observed  to  spin  at  an  average  angular 
velocity  of  approximately  2  radians/second.  The  wheel  would  not  rotate  continuously. 
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however.  After  a  few  seconds,  the  wheel  would  travel  up  its  "V" -shaped  holder  in  the 
frame  and  loose  contact  with  the  actuator,  or  the  wheel  would  turn  sideways  and  get  stuck 
on  the  frame. 


Figure  5-25:  Captured  video  images  of  the  rotating  wheel  experiment 
recorded  through  the  video  camera  on  the  probe  station:  (a)  is  a  top  view 
of  the  rotating  wheel  system  with  the  microscope  objective  focused  on  the 
vertically  deflecting  thermal  actuator,  (b)  same  view  with  focus  on  the  top 
of  the  frame,  (c)  same  view  with  focus  on  the  teeth  of  the  wheel  before 
rotating,  (d)  same  view  of  the  top  teeth  of  the  wheel  after  rotating. 


Video  footage  of  the  experiment  was  collected  through  the  probe  station  video 


camera.  From  the  video,  the  displacement  of  the  wheel  could  be  observed  and  timed. 
Figure  5-25  shows  captured  video  images  of  the  rotating  wheel  experiment  recorded 
through  the  video  camera  on  the  probe  station.  Figure  5-25  (a)  is  a  top  view  of  the 
rotating  wheel  system  with  the  microscope  objective  focused  on  the  pulsing  vertically 
deflecting  thermal  actuator,  and  (b)  is  the  same  view  with  the  focus  on  the  top  of  the 
frame.  Figure  5-25  (c)  is  the  same  view,  as  in  (a),  with  focus  on  the  teeth  of  the  wheel 
before  rotating,  and  (d)  is  the  same  view  of  the  top  teeth  of  the  wheel,  2.4  seconds  later, 
after  rotating  37t/2  radians. 

Designs  and  Results  Pertaining  to  the  MUMPs  21  Fabrication  Run 

Figure  5-26  shows  a  CADENCE  drawing  of  an  unassembled  electrostatic  version 
of  the  MUMPs  19  rotating  wheel  system.  The  design  in  Figure  5-26  uses  the  same  frame 
design  (with  slight  modifications)  as  that  shown  in  Figure  5-21.  The  wheel  has  been 
changed  by  adding  large  rectangular  electrostatic  pad  teeth.  Instead  of  a  vertical  thermal 
actuator  to  turn  the  wheel,  five  pairs  of  fold  up  electrostatic  pads  are  provided.  At  least 
three  consecutive  pairs  of  electrostatic  pads,  however,  are  needed  for  proper  operation. 
Attractive  eleetrostatic  forces  between  the  teeth  and  the  electrostatic  pads  is  meant  to 
cause  rotation  of  the  wheel.  The  frame  is  grounded  to  the  substrate,  and  the  fold  up 
electrostatic  pads  are  connected  to  probe  pads.  The  geometry  of  the  fold  up  electrostatic 
pads  and  the  pads  on  the  wheel  is  based  on  the  optimized  12:8  salient  pole  motor 
analyzed  and  described  by  Garverick,  et  al.  [4],  and  Dufour,  et  al.  [5]. 
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The  frame  and  wheel  can  be  assembled  to  their  upright  position  using  probes. 
The  five  pairs  of  electrostatic  pads  can  then  be  folded  up  using  probes.  Special  locking 
tabs  keep  the  frame  and  electrostatic  pads  held  in  place  after  assembly. 


electrostatic 


Figure  5-26:  CADENCE  drawing  of  an  electrostatic  rotating  wheel 
designed  for  fabrication  in  the  MUMPs  21  fabrication  run.  Note,  two  of 
the  right  most  probe  pads  are  not  shown. 


Figure  5-27  shows  the  electrostatic  wheel  system  after  assembly.  The  probe  pads 
used  to  apply  potential  to  the  fold  up  electrostatic  pads  are  labeled  “A”  -  “D”  in  Figure  5- 
27.  The  pair  of  electrostatic  pads  supplied  by  probe  pad  “D”  were  not  used,  and  are 
shown  erected,  and  locked  into  place,  but  moved  away  from  the  wheel.  This  same  pair  of 
electrostatic  pads  also  demonstrates  the,  undesired,  mechanical  play  allowed  by  the 
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locking  tabs.  This  same  mechanical  play  allowed  the  other  electrostatic  pads  to  short 
circuit  to  the  wheel,  causing  this  system  to  fail. 


Figure  5-27:  Scanning  electron  micrograph  of  assembled  electrostatic 
rotating  wheel  system 

Figure  5-28  shows  one  period  of  the  input  signal  arrangement  used  to  apply 
potential  to  probe  pads  “A”  -  “C”.  The  three  channel  sequencer,  described  in  Chapter  4, 
was  used  to  implement  the  input  signals.  The  frequency  and  amplitude  were  varied, 
however,  rotation  of  the  wheel  was  not  observed.  The  wheel  was  observed  to  move  from 
side  to  side,  short  circuiting  to  the  fold  up  electrostatic  pads.  Figure  5-29  and  Figure  5-30 
show  closer  views  of  the  wheel  system  from  Figure  5-27.  The  micrographs  in  Figure  5- 
29  and  Figure  5-30  also  reveal  damage  to  different  components  of  the  wheel  system.  The 
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damage  was  caused  by  melting  when  the  electrostatic  pads  short  circuited  to  the  wheel 
during  the  application  of  high  voltage  input  signals  (approximately  10  volts  and  greater). 


amplitude 


A 

B 


c  .. 

period 

Figure  5-28:  Input  signal  arrangement  used  to  apply  potential  to  the 
electrostatic  pads  of  the  rotating  wheel  system. 


Figure  5-29:  Closer  view  of  the  electrostatic  wheel  system  from 
Figure  5-27. 
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Figure  5-30:  Closer  view  of  the  electrostatic  wheel  system  from 
Figure  5-27. 


5.4  Realization  of  a  Microrobot  That  Can  Move  on  a  Flat  Surfaee 


This  section  presents  the  theory,  design,  and  results  pertaining  to  Research  Goal 
4:  realize  a  microrobot  that  can  move  on  a  flat  surface.  All  the  designs  presented  in  this 
section  were  fabricated  in  the  MUMPs  20  fabrication  run. 

Description  of  Microrobot:  Introducing  “Chip  ” 

The  microrobot,  named  “Chip,”  created  by  this  research  is  intended  to  be  capable 
of  moving  or  walking  across  a  flat  surface.  This  microrobot  is  simply  a  1  cm  x  1  cm  by 
550  pm  die  with  ninety-six  thermal  actuators  serving  as  legs  when  the  die  is  set, 
micromachined  face  down,  towards  the  walking  surface.  Horizontally  deflecting  thermal 
actuators  are  erected  normal  to  the  substrate  surface,  using  probes,  before  the  die  is  turned 
over  and  set  on  the  walking  surface.  The  legs  are  powered  remotely  through  three  gold 
wires  connected  to  the  die  by  wirebonding. 

The  method  of  propulsion  is  modeled  after  six-legged  insects  where  three  legs  are 
contacting  the  walking  surface  at  any  one  time  [6].  The  three  legs  form  a  tripod 
throughout  the  motion  of  the  insect,  this  is  illustrated  in  Figure  5-31.  However,  the 
microrobot  has  more  than  six  legs,  the  several  legs  needed  to  support  the  weight  of  the 
die,  are  functionally  and  physically  arranged  into  six  groups. 
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Figure  5-31:  Simplified  drawing  of  six  legged  insect  showing  three  legs 
in  the  tripod  arrangement  [6]. 

Figure  5-32  is  a  simplified  drawing  of  the  microrobot  showing  a  simplified  wiring 
scheme  and  drive  signal.  Note  that  the  six  actuators  shown  in  the  drawing  actually 
represents  six  groups,  where  each  group  contains  sixteen  actuators.  Each  group  is  labeled 
“front  A,”  “rear  B,”  etc.  Actuators  in  a  group  are  driven,  in  parallel,  by  the  same  signal 
from  line  “A”  or  “B”.  The  signal  on  line  “A”  is  180  degrees  out  of  phase  with  the  signal 
on  line  “B.”  The  intended  operation  is  described  as  follows,  with  reference  to  Figure  5- 
32.  During  the  positive  phase  of  the  drive  signal  on  line  “A”,  the  actuator  groups  “A”  are 
deflected  (and  slightly  extended)  causing  forward  motion  of  the  microrobot.  During  the 
positive  phase  of  the  drive  signal  on  line  “B”,  the  actuator  groups  “B”  are  deflected  (and 
slightly  extended)  also  causing  forward  motion  of  the  microrobot.  Simultaneously, 
during  this  phase,  the  group  A  actuators  will  be  returning  to  their  original  position  to 
deflect  again  during  the  next  positive  phase  of  the  line  “A”  drive  signal. 
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Figure  5-32:  Simplified  diagram  of  microrobot  showing  simplified 
wiring  scheme  with  drive  signal. 


Some  important  factors  considered  in  the  design  of  this  microrobot  include 
determining  the  length  of  the  legs,  the  number  of  legs  needed  to  support  the  weight  of  the 
die,  the  method  of  self-assembling  the  leg,  and  the  method  of  providing  electrical  power 
to  the  leg.  These  factors  will  be  covered  in  detail  after  first  introducing  the  leg  system 
design. 


Description  of  Microrobot  Leg 


Figure  5-33  shows  a  scanning  electron  micrograph  of  one  leg  used  in  the 
microrobot  design.  The  robot  leg  is  actually  a  polyl,  horizontally  deflecting,  thermal 
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actuator  connected  to  a  poly2  on  polyl  support  base.  The  length  of  the  leg  alone  is  230 
pm  plus  the  height  of  the  support  base,  which  is  40  pm  tall  -  270  pm  tall  together.  The 
leg  is  2  pm  thick,  the  narrow  flexures  of  the  leg  are  each  2.5  pm  wide,  and  the  wider 
portion  of  the  leg  is  16  pm  wide. 


thermal  actuator  array 


spring  wire 


locking  slots 


locking  arms 


1000  pm 


vertically  deflecting 
thermal  actuator 


substrate  connection 


to  bus  pK 


650  pm 


Figure  5-33:  Scanning  electron  micrograph  of  one  robot  leg. 


The  support  base  is  hinged  at  the  bottom.  Connected  to  either  side  of  the  support  base  are 
oval  gold  on  poly2  spring  wires.  The  spring  wires  provide  power  to  the  leg.  With 
reference  to  Figure  5-33,  the  top  spring  wire  is  grounded  to  the  substrate,  and  the  bottom 
spring  wire  is  supplied  by  a  bus.  The  spring  wires  also  flex  to  allow  the  leg  and  support 
base  to  be  rotated  to  a  normal  to  the  substrate  position.  Positioned  on  either  side  of  the 
support  base  are  vertically  deflecting  thermal  actuators.  The  vertically  deflecting  thermal 
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actuators  are  intended  to  lift  the  leg  and  base  to  their  normal  to  the  substrate  position, 
after  being  back-bent.  However,  the  vertically  deflecting  thermal  actuators  were  not  able 
to  lift  the  leg  and  base,  see  Section  5.1  for  details.  All  ninety-six  legs  were  rotated  into 
position  manually  using  probes.  Once  the  base  is  lifted  to  position,  it  locks  onto  the 
poly2  locking  arms  which  are  connected  to  the  array  of  polyl  thermal  actuators  located  to 
the  right,  in  the  micrograph.  The  array  of  thermal  actuators  is  provided  to  demonstrate 
another  degree  of  freedom  of  movement  for  the  leg  after  assembling.  Figure  5-34  shows 
a  scarming  electron  micrograph  of  an  assembled  microrobot  leg.  Figure  5-35  shows 
another  view  of  the  leg  from  the  opposite  side  than  that  of  Figure  5-34.  Figure  5-36  is  a 
closer  view  of  the  foot.  Figure  5-37  is  a  scanning  electron  micrograph  of  close  views  of 
the  microrobot's  leg  base  and  locking  arms,  viewed  from  the  front  (a)  and  back  (b). 


Figure  5-34:  Scanning  electron  micrograph  of  one  assembled  microrobot 
leg. 
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Figure  5-35:  Scanning  electron  micrograph  of  a  microrobot  leg.  This 
view  is  from  the  opposite  side  than  that  of  Figure  5-34. 


Figure  5-36:  Scanning  electron  micrograph  of  microrobot's  foot. 


The  leg  thermal  actuator  is  chosen  because  of  its  standard  usage  at  AFIT  and  its 
proven  design.  Comtois  and  Bright,  report  that  this  thermal  actuator  can  produce  a  force 
of  4.4  pN  and  unloaded  deflection  of  16  pm  at  the  tip,  while  supplied  by  3.68  mA  at  2.94 
V  [7].  The  authors  also  report  that  a  single  actuator  will  operate  at  maximum  deflection 
up  to  300  Hz.  From  this  information,  it  can  be  predicted  that  the  microrobot  can  move  at 
a  velocity  of  at  most,  16  pm  x  2  x  300  Hz  =  9600  pm/second  =  9.6  mm/second. 
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Determination  of  Microrobot  Leg  Length 


The  length  of  the  robot  leg  was  chosen  as  follows.  Since  the  microrobot's  thermal 
actuator  legs  will  be  powered  externally  through  wires  connected  to  the  substrate  by 
wirebonder  ball  bonds,  the  height  of  the  ball  bonds  will  dictate  the  length  of  the  legs.  The 
height  of  a  ball  bond  can  be  determined  from  Figure  5-38,  which  is  a  scanning  electron 
micrograph  of  two  ball  bonds. 


Figure  5-38:  Scanning  electron  micrograph  of  two  wirebonded  ball 
bonds. 


The  shorter  loop  height  bond  was  made  using  a  low  loop  height  setting  on  the  wirebonder 
and  is  connected  to  a  nearby  gold  pad.  The  taller  loop  height  bond  was  made  using  a 


high  loop  height  and  is  connected  to  a  distant  gold  pad.  The  loop  height  of  the  taller  bond 
is  dictated  by  the  sag  due  to  the  wire's  own  weight.  The  loop  height  of  the  taller  bond  can 
be  taken  as  the  worst  case  height,  and  this  height  is  estimated  from  Figure  5-38  as 
approximately  189.75  pm.  The  length  of  the  legs  must  be  greater  than  189.75  pm.  A 
scanning  electron  micrograph  from  another  perspective  of  the  same  wire  bonds  is  shown 
in  Figure  5-39. 


Figure  5-39:  Different  perspective  scanning  electron  micrograph  of  ball 
bonds  from  Figure  5-38. 

The  length  of  the  leg  is  230  pm  plus  the  height  of  the  base,  which  is  40  pm. 
Therefor,  it  can  be  predicted  that  clearance  of  the  ball  bonds  will  not  be  a  hindrance. 
Furthermore,  if  the  power  supply  wires  drag  behind  the  microrobot,  this  could  be  useful 
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as  stabilization,  similar  to  a  cockroach  dragging  its  carcass  as  it  scurries  across  the  floor. 


Determination  of  the  Number  of  Legs  Needed for  the  Microrobot 

The  number  of  legs  needed  to  support  the  die  can  be  predicted  by  calculating  the 
weight  one  leg  can  support  and  then  comparing  that  to  the  weight  of  the  die.  One  leg  can 
he  modeled  hy  a  polysilicon  column  fixed  at  one  end  and  free  to  move  at  the  other.  The 
column  has  a  length  /,  cross  sectional  area  ab,  and  a  force  F  applied  to  the  free  end  as 
shown  in  Figure  5-40. 


Figure  5-40:  Column  model  of  robot  leg  with  length  /,  cross  sectional 
area  ab,  and  a  force  F  applied  to  the  free  end. 


The  force  necessary  for  causing  the  beam  to  fail  from  compression  or  fail  from  buckling 
can  be  estimated.  The  smaller  of  the  two  estimated  forces  will  be  taken  as  the  weight  one 
leg  can  support,  and  that  force  will  he  compared  to  the  weight  of  the  die. 

Assuming  that  the  compressive  strength,  5^,  is  approximately  the  same  as  the 
tensile  strength,  5,,  a  conservative  estimate  for  the  force,  Fcf,  causing  a  compressive 
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failure  is: 


F(,p  =  abS^  =  abS,  ( 1 ) 

For  a  buckling  failure,  we  can  use  Euler's  column  equation,  Eq.  (2),  or  J.  B. 
Johnson's  column  equation,  Eq.  (3),  to  estimate  the  force,  F^f,  necessary  to  cause  a 
buckling  failure  [8]: 


F  - 

■'  BF 
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Where  C  is  an  end  condition  constant,  0.25,  in  this  case;  E  is  Young's  Modulus;  I  is  the 
area  moment  of  inertia  of  the  column,  and  for  this  case  is 


I  =  —ba^ 
12 


(4) 


k  is  the  radius  of  gyration  of  the  column,  and  for  this  case  is 


k  = 


(5) 


and  Sy  is  the  yield  strength.  To  determine  which  equation  to  use,  the  following  inequality 
must  be  checked: 


The  quantity,  //k,  is  referred  to  as  the  slenderness  ratio.  If  the  inequality  in  Eq.  (6)  is  true, 
then  we  can  use  Euler's  column  equation,  otherwise,  use  J.  B.  Johnson's  column  equation. 


5-48 


Let  us  assume  that  the  thick  and  corrugated  polyl-poly2  leg  base  will  not  fail 
from  buckling  and  that  it  is  securely  fixed  in  its  normal  to  the  substrate  position. 
Therefor,  we  can  neglect  the  base  and  just  consider  the  buckling  of  the  leg.  Let  us  also 
assume  that  the  leg  is  the  width  of  its  two  flexures  (2.5  pm  +  2.5  pm).  More 
appropriately,  a  leg  could  be  modeled  as  two  columns,  each  of  the  width  of  the  flexure. 
Either  way,  however,  the  result  will  be  the  same  --  the  leg  will  be  modeled  as  one 
component  for  the  sake  of  keeping  the  presentation  simple.  Three  fourths  of  the  leg  is 
actually  18.5  pm  wide,  but  let  us  assume  that  its  width  is  dictated  by  its  weakest  point  at 
the  flexures.  For  the  polyl  thermal  actuator,  let  the  variables  from  above  be  assigned  the 
following  values: 

a  =  2  pm,  the  nominal  thickness  of  the  polyl  layer. 

b=  2  X  2.5  pm  =  5  pm,  the  width  of  two  thermal  actuator  flexures  considered 
together. 

I  =  230  pm,  tall  enough  to  clear  the  wire  bond  loop. 

E=  169GPa[3]. 

Sy=S,  =  S,=  1.2  GPa  [3]. 

From  Eq.  (1),  the  maximum  force  one  leg  can  withstand,  before  a  compressive  failure,  is 
estimated  as  Fcf  =  12  mN.  By  evaluating  the  inequality  in  Eq.  (6),  we  can  estimate  the 
maximum  force  one  leg  can  withstand,  before  a  buckling  failure,  from  Eq.  (2).  This  force 
is  estimated  as  =  16215A  pN.  Comparing  Fpp  to  Fcp  shows  that  Fpp  is  smaller 
indicating  that  the  leg  would  be  expected  to  fail  from  buckling  and  not  compression. 

The  weight  of  a  1  cm  x  1  cm  die,  assuming  a  die  thickness  of  550  pm,  silicon 
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density  of  2330  kgW,  and  acceleration  due  to  gravity  9.8  m/s^,  is  1255.87  |aN. 
Comparing  the  weight  of  the  die  to  Fgp  we  see  that,  approximately,  48  legs  are  needed  to 
support  the  weight  of  the  die. 

At  this  point,  it  is  important  to  explain  that  the  result  for  Fgp  is  a  prediction  of  a 
point  of  unstable  equilibrium  [8].  In  other  words,  this  number  of  legs  will  only  support 
the  weight  of  the  die  or  load  (assuming  the  material  properties  used  in  the  calculation  are 
exact)  if:  every  leg  is  exactly  perpendicular  to  the  load  and  the  walking  surface;  the  die  is 
magically  placed  on  the  walking  surface  such  that  no  shifting  of  the  leg  or  load  occurs; 
and  there  is  no  shifting  of,  disturbance  of,  or  applied  force  to  the  load.  Some  factor  of 
safety  should  be  multiplied  times  the  number  of  legs,  at  least  to  obtain  a  stable  static 
equilibrium,  and  an  even  greater  factor  of  safety  to  obtain  dynamic  stability.  Only 
experience  can  determine  the  factor  of  safety  to  be  used. 

For  this  microrobot,  2  x  48  =  96  legs  are  used  to  support  the  weight  of  the  die. 
Regardless  of  the  above  result  and  unfortunately,  96  turns  out  to  be  the  maximum  number 
of  legs  that  could  be  arranged  onto  the  die  using  the  design  in  Figure  5-33.  A  factor  of 
safety  of  at  least  10  would  have  been  desired  for  dynamic  stability. 

Microrobot  Chip  Layout  and  Wiring  Design 

This  section  will  describe  the  layout  of  the  microrobot  and  the  design  behind  the 
wiring.  Figure  5-41  shows  a  CADENCE  drawing  of  the  microrobot  chip  showing  the  96 
legs  and  main  wiring  buses.  Also  contained  on  the  chip  are  miscellaneous  test  structures. 
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Figure  5-42  is  the  same  as  Figure  5-41,  except  the  view  is  one  level  back  in  cell  design 
hierarchy.  This  view  more  clearly  reveals  the  six  groups  of  robot  legs  discussed  in 
Section  5.4  and  main  wiring  buses.  Three  groups  are  connected  in  parallel  on  one  bus, 
and  the  other  three  are  connected  in  parallel  on  a  separate  bus.  The  two  separate  circuits 
“A”  and  “B”  are  labeled  in  Figure  5-42  as  front  A,  middle  A,  and  rear  A;  and  front  B, 
middle  B,  and  rear  B. 


Figure  5-41:  CADENCE  dravdng  of  the  microrobot  chip  showing  the  96 
legs  and  main  wiring  buses. 
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Figure  5-42:  CADENCE  drawing  of  the  microrobot  chip,  one  level  back 
in  the  cell  design  hierarchy,  revealing  the  six  groups  of  robot  legs  and 
main  wiring  buses. 

All  of  the  individual  legs  are  grounded  to  the  substrate.  The  width  of  the  buses  are  made 
as  large  as  possible  while  still  providing  enough  room  for  test  structures.  The  buses  are 
made  from  polyl,  poly2,  and  gold,  and  are  anchored  to  the  substrate  periodically  with 
posts  that  are  anchored  to  polyO.  As  large  a  gap  as  possible  is  desired  between  the 
substrate  and  the  main  buses  to  reduce  parasitic  capacitance.  Parasitic  capacitance  could 
result  in  the  loss  of  operational  bandwidth.  The  gold  cross  sectional  area  of  the  main 
buses  (400  pm  x  0.5  pm)  are  half  the  cross  sectional  area  of  the  gold  bondwire  (pi  x  (25/2 
pm)'^2).  The  width,  lengths,  and  paths  of  the  main  buses  were  carefully  designed  so  that 
the  same  resistance  is  encountered  between  the  front  groups,  the  middle  groups,  or  the 
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rear  groups  of  actuators.  Figure  5-43  shows  one  of  the  six  groups  of  robot  legs.  Four 
smaller  buses  that  supply  four  individual  legs  are  shown.  The  smaller  buses  are  made 
from  polyl,  poly2,  and  gold.  Overall,  the  main  concern,  in  the  design  of  the  wiring,  was 
ensuring  that  the  resistances  to  the  individual  legs  or  groups  are  symmetric  between 
group  A  and  B. 


Figure  5-43:  CADENCE  drawing  of  one  of  the  six  groups  of  robot  legs. 

Figure  5-44  is  a  scanning  electron  micrograph  of  the  microrobot,  looking  down  on 
the  micromachined  side  where  the  legs  are.  Dashed  white  lines  demark  the  approximate 
locations  of  the  six  groups  of  legs.  "Bondpad  A"  supplies  the  "rear,"  "middle,"  and  "front 
A"  groups,  and  likewise  "bondpad  B."  Figure  5-45  is  a  scanning  electron  micrograph  of 
three  assembled  microrobot  legs.  Figure  5-46,  Figure  5-47  and  Figure  5-48  are  "zoomed 
out"  views  showing  more  legs,  and  with  the  "front  A"  group  foremost  in  view. 
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Figure  5-44:  Scanning  electron  micrograph  of  the  microrobot  showing 
groups  of  legs  on  the  "A"  and  "B"  circuits  and  reference  orientation. 


Figure  5-45:  Scanning  electron  micrograph  of  three  assembled 

microrobot  legs. 


Figure  5-46:  Scanning  electron  micrograph  of  the  microrobot  with  the 
"front  A"  group  closest  in  view. 


Figure  5-47:  Scanning  electron  micrograph  of  the  microrobot  with  the 
"front  A"  group  closest  in  view  (farther  away  view). 
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Figure  5-48:  Scanning  electron  micrograph  of  a  rotated  view  of  the 
microrobot  with  the  "front  A"  group,  again,  closest  in  view. 

Microrobot  Experiment  and  Results 

The  sequence  of  events  used  to  prepare  a  microrobot  for  testing  is  as  follows. 
Please  refer  to  Chapter  4  for  a  detailed  description  of  the  experimental  setup  and  the 
microrobot  positioner. 

1)  Release  a  MUMPs  20  die  according  to  the  release  process  described  in 
Chapter  3. 

2)  Erect  all  96  microrobot  legs,  using  probes,  at  the  probe  station.  This 
procedure  typically  takes  about  3  hours. 

3)  Remove  the  microrobot  positioning  arm  from  the  microrobot  positioner. 
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Carefully  place  the  microrobot  on  the  end  of  the  microrobot  positioning  arm, 
over  the  vacuum  hole,  and  secure  into  place  using  the  mechanical  hold  dovvn 
devices. 

4)  Place  the  microrobot  positioning  arm  with  microrobot  (legs  up)  on  the  stage  of 
the  wirebonder,  and  coimect  a  wire  from  each  of  the  three  pads  of  the 
microrobot  to  a  corresponding  pad  on  the  PC  board  that  is  connected  to  the 
positioning  arm.  Be  sure  to  provide  at  least  a  centimeter  of  slack  in  each  wire. 

5)  Reattach  the  microrobot  positioning  arm  to  the  microrobot  positioner.  And 
turn  on  the  vacuum  pump. 

6)  Remove  the  mechanical  hold  dovra  devices  from  the  microrobot  positioning 
arm.  The  microrobot  will  remain  connected  to  the  microrobot  positioner  by 
vacuum. 

7)  The  end  of  the  microrobot  legs  can  be  viewed  on  a  monitor  coimected  to  a 
video  camera  with  a  50x  zoom  lens.  The  reflection  of  the  legs  on  the  walking 
surface  can  also  be  seen.  Lower  the  microrobot  until  the  legs  meet  their 
reflections. 

8)  Turn  off  the  vacuum  using  the  valve,  or  simply  switch  off  the  power  supply  to 
the  vacuum  pump.  The  microrobot  is  now  released  from  the  microrobot 
positioning  arm. 

9)  Lift  the  positioning  arm  away  from  the  microrobot.  Also,  move  the 
positioning  arm  forward  over  the  microrobot  to  provide  more  slack  in  the 
wires  that  are  connected  to  the  microrobot. 
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10)  Turn  on  power  supply  for  the  robot  leg  circuits. 

Figure  5-49  shows  the  microrobot  after  being  released  from  the  microrobot  positioning 
arm  onto  the  polyimide  coated  wafer  or  walking  surface. 


Figure  5-49:  Video  image  of  the  microrobot  after  being  placed,  legs 
down,  on  a  3  inch  polyimide  coated  wafer.  Ruler  scale  is  in  millimeters. 

In  one  test,  a  microrobot  was  prepared  and  released  onto  the  walking  surface  as 
described  above.  However,  the  legs  could  not  support  the  weight  of  the  die  and 
collapsed.  The  mass  of  the  die  was  measured,  and  found  to  be  127.50  mg  ±  0.01  mg. 
Some  reasons  for  the  failure  of  the  legs  are  as  follows: 

1)  The  legs  are  not  perpendicular  to  the  die  after  assembly.  The  thermal  actuator 
array  that  holds  the  leg  and  base  in  an  upright  position,  flexes,  allowing  the 
leg  to  be  angled  instead  of  normal  with  the  substrate.  Figure  5-50  shows  an 
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Figure  5-50:  Scanning  electron  micrograph  showing  the  thermal  actuator 
array  flexing  allowing  the  microrobot  leg  to  be  angled  instead  of 
perpendicular  to  the  substrate. 


The  microrobot  was  retrieved  from  the  walking  surface  by  simply  turning  on  the 
vacuum  and  positioning  the  microrobot  positioning  arm  over  the  microrobot  and 
lowering.  When  the  positioning  arm  is  within  3  or  4  millimeters  of  the  microrobot,  the 
microrobot  is  suctioned  up  to  the  positioning  arm.  Figure  5-51  shows  a  scanning  electron 
micrograph  of  the  microrobot  after  retrieval  from  the  walking  surface.  After  analyzing 
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the  microrobot,  only  three  types  of  damage  to  the  microrobot  leg  system  were  observed: 

1)  One  flexure  of  the  robot  leg  is  broken,  and  no  other  damage.  An  example  of 
this  damage  is  shown  in  Figure  5-52. 

2)  The  leg  has  broken  completely  off,  leaving  the  cold  arm  flexure  and  part  of 
the  hot  arm  flexure,  and  no  other  damage.  An  example  of  this  damage  is 
shown  in  Figure  5-53. 

3)  The  leg  has  broken  completely  off,  leaving  the  cold  arm  flexure  and  part  of 
the  hot  arm  flexure.  Also,  one  side  of  the  base  has  unhooked  from  the  locking 
arms  or  one  of  the  two  locking  tabs  has  broken  off  of  a  locking  arm.  An 
example  of  this  damage  is  shovm  in  Figure  5-54 


Figure  5-51:  Scanning  electron  micrograph  of  a  comer  view  of  the 
collapsed  microrobot  showing  a  wire  bond  and  some  damaged  legs. 
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Figure  5-52  Scanning  electron  micrograph  of  one  type  of  damage  to  a 
microrobot  leg  system,  where  the  only  damage  is  one  flexure  of  the  leg  is 
broken. 


Figure  5-53:  Scanning  electron  micrograph  of  the  second  type  of  damage 
to  a  microrobot  leg  system,  where  the  only  damage  is  that  the  leg  has 
broken  completely  off,  leaving  the  cold  arm  flexure  and  part  of  the  hot  arm 
flexure. 
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Figure  5-54:  Scanning  electron  micrograph  of  the  third  type  of  damage  to 
a  microrobot  leg  system,  where  the  only  damage  is  that  the  leg  has  broken 
completely  off,  leaving  the  cold  arm  flexure  and  part  of  the  hot  arm 
flexure.  Also,  one  side  of  the  base  has  unhooked  from  the  locking  arms  or 
one  of  the  two  locking  tabs  has  broken  off  of  a  locking  arm. 


In  another  test,  the  mass  of  a  microrobot  was  reduced  to  37.32  mg  ±  0.01  mg,  by 
mechanieally  lapping  approximately  75  %  of  the  silicon  off  of  the  back  of  the  ehip.  The 
die  was  lapped  as  described  in  Chapter  4,  and  prepared  as  described  for  the  previous 
experiment.  Figure  5-55  shows  a  scanning  electron  micrograph  of  the  lapped  microrobot. 
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Figure  5-55:  Scanning  electron  micrograph  of  an  assembled  microrobot 
that  has  been  lapped  to  a  quarter  of  its  original  thickness. 


Figure  5-56  shows  the  lapped  die  as  it  is  being  lowered  toward  the  walking  surface.  The 
legs  were  able  to  support  the  weight  of  the  die,  however,  somewhat  unstable.  An 
attached  bondwire  recoiled  shortly  after  releasing  the  microrobot,  causing  the  robot  to 
shift  and  collapse  the  legs  at  one  corner.  Afterwards,  movement  of  the  microrobot  was 
not  observed  while  powering  the  legs.  The  freestanding  microrobot,  before  collapsing,  is 
shown  on  a  captured  video  image  in  Figure  5-57. 
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Figure  5-57:  Captured  video  image  of  the  freestanding  microrobot. 
Dashed  lines  added  to  help  distinguish  between  the  microrobot  chip  and 
the  placement  tool. 


Figure  5-56:  Captured  video  image  of  the  lapped  microrobot,  held  in 
place  by  vacuum  on  the  microrobot  positioning  arm,  while  being  lowered 
to  the  walking  surface. 
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To  prove  that  the  leg  arrangement  could  cause  movement,  another  robot  was 
tested,  belly  side  up  at  a  probe  station.  The  leg  circuitry  was  powered  through  probes.  A 
piece  of  kapton,  9.25  mm  by  9  mm  by  0.023  mm  thick  with  a  mass  of  3.06  mg  ±  0.01  mg, 
was  placed,  using  tweezers,  on  top  of  the  legs.  The  following  results  are  given  with 

reference  to  the  i  andj  reference  axes  shown  in  Figure  5-44.  The  legs  were  able  to 
transport  the  piece  of  kapton  with  an  average  vector  velocity  of  -446/  +  11 j  p,m/minute 
or  with  a  magnitude  of  453  pm/minute  while  being  powered  by  a  0-5  volt  square  wave 
with  a  50  %  duty  cycle  at  approximately  2  Hz.  Assuming  the  kapton  was  moved  with 
every  step  of  the  legs,  the  average  minimum  step  size  is: 

(-446z"  + 11  ]  pm/minute)  120  steps/minute  =  -3.7/  +  0.6/  pm/step. 

Figure  5-58  shows  a  video  image  of  the  initial  position  of  the  kapton.  Also  shown 
in  Figure  5-58  are  the  reference  axes,  /  andy  .  Figure  5-59  shows  the  same  image  3 
minutes  later  after  the  kapton  has  been  transported  across  the  die  by  the  microrobot  legs. 
A  defect  in  the  kapton  film  served  as  a  reference  mark  to  track  the  kapton's  motion. 
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Figure  5-58:  Captured  video  image  of  a  piece  of  kapton  that  has  been 
placed  on  the  microrobof  s  legs. 


Figure  5-59:  Captured  video  image  of  the  same  piece  of  kapton  in  Figure 
5-58  after  being  transported  across  the  die  by  the  microrobot  legs. 


A  maximum  operating  frequency  of  approximately  2.2  Hz  was  determined  by  trial 
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and  error.  Frequencies  faster  than  this  resulted  in  the  microrohot's  feet  slipping  on  the 
kapton  instead  of  transporting  it.  It  is  suspected  that  a  heavier  object  would  be  able  to  be 
transported  at  higher  operating  frequencies,  because  the  frictional  force  between  the  feet 
and  the  material  would  be  greater.  Each  leg  circuit  can  be  operated  at  a  maximum  dc 
input  voltage  of  10  volts  while  drawing  287  mA,  however,  the  lower  5  volt  input,  stated 
above,  seemed  to  transport  the  kapton  the  best.  The  microrobof  s  legs  were  arranged  and 
designed  to  cause  motion  in  the  j  direction  only,  see  the  reference  axes  in  Figure  5-44  or 
Figure  5-58.  However,  because  of  the  non-flatness  of  the  piece  of  kapton,  the  "A"  circuit 
legs  were  able  to  grab  and  push  the  kapton  better  than  the  "B"  circuit  legs.  The  "B" 
circuit  legs  were  observed  to  grab  the  kapton  during  their  operating  phase,  but  not  shift 
the  kapton. 

The  "A"  circuit  legs  are  undesirably  angled  toward  the  -f  direction,  and  the  "B" 
circuit  legs  are  undesirably  angled  toward  the  i  direction.  Because  the  legs  are  not 
perpendicular  to  the  substrate,  a  majority  of  the  thermal  actuator  leg’s  motion  is  translated 
in  the  ±f  direction,  instead  of  the  j  direction.  If  the  legs  were  perpendicular  to  the 
substrate,  a  greater  step  size  in  the  j  direction  could  be  expected.  Also,  a  smaller, 
perhaps  negligible,  step  size  in  the  ±i  direction  would  be  found. 
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Microrobot  Design  from  the  MUMPs  21  Fabrication  Run 

An  improved  version  of  the  microrobot  was  designed  in  the  MUMPs  21 
fabrication  run.  A  CADENCE  drawing  of  this  microrobot  is  shown  in  Figure  5-60. 


5  mm 


Figure  5-60:  CADENCE  drawing  of  a  new  version  of  microrobot 
designed  for  the  MUMPs  21  fabrication  run. 

The  dimensions  of  the  this  robot  are  0.5  cm  by  0.5  cm  by  0.55  mm.  The  wiring 
design  and  wire  widths  are  the  same  as  used  for  the  microrobot  presented  in  the  previous 
section,  however,  this  microrobot  is  a  quarter  of  the  size.  This  microrobot  has  90  legs 
arranged  into  6  groups  of  15.  The  intended  operation  of  this  microrobot  is  the  same  as  for 
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the  microrobot  presented  in  the  previous  section.  The  leg  design  used  is  shown  in  Figure 
5-12  and  Figure  5-13.  This  leg  is  made  from  polyl  and  poly2,  instead  of  just  polyl .  The 
legs  are  guaranteed  to  be  normal  to  the  substrate  after  assembly  because  the  base  locks 
into  locking  arms  that  are  anchored  to  the  substrate. 

Figure  5-61  shows  a  side  view  of  this  “quarter  size”  microrobot.  Any  legs  that 
did  not  self  assemble  during  the  release  process  were  assembled  using  probes.  The 
microrobot  shown  in  Figure  5-61  was  used  to  test  for  the  maximum  operating  voltage  and 
current.  This  test  caused  the  flexures  of  some  of  the  legs  to  melt,  hence  the  reason  not  all 
the  legs  are  perpendicular  with  respect  to  the  substrate  in  Figure  5-61.  This  microrobot’s 
maximum  supply  voltage  was  determined  to  be  approximately  8  volts  at  74  mA. 


Figure  5-61:  Scanning  electron  micrograph  of  a  side  view  of  the  “quarter 
size”  microrobot. 
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As  already  described  in  Section  5.1,  the  legs  are  powered  through  the  poly  silicon 
on  polysilicon  contact  of  the  locking  arms  to  the  locking  arm  slots  of  the  base.  Figure  5- 
61  demonstrates  the  unreliability  of  this  type  of  connection  by  showing  that  some  legs 
melted,  and  some  did  not.  Figure  5-62  shows  a  closer  view  of  the  microrobot  legs  from 
Figure  5-61.  Although  the  connections  are  relatively  unreliable,  all  the  legs  are  observed 
to  deflect  when  the  circuit  is  provided  power.  Video  recordings  of  the  moving 
microrobot  legs  were  obtained. 


Figure  5-62:  Closer  view  of  the  microrobot  legs  from  Figure  5-61 . 


One  microrobot  was  assembled  and  gold  wires  bonded  to  the  wirebond  pads.  The 
resistance  from  each  leg  circuit  to  the  substrate  ground  was  measured  to  be  approximately 


5-70 


1000  Q.  Assuming  all  the  legs,  in  one  leg  circuit  consisting  of  45  legs,  are  connected 
equivalently,  and  neglecting  the  resistance  of  the  gold  wiring,  the  resistance  of  one  leg 
system  is  estimated  to  be  45  x  1000  Q  =  45  kQ. 

Several  attempts  were  made  to  lower  a  microrobot  onto  the  walking  surface  using 
the  same  setup  described  for  the  previous  microrobot.  However,  the  gold  bondwires 
would  not  allow  the  microrobot  to  release  from  the  positioning  arm.  Similar  to  the  case 
of  the  mechanically  lapped  microrobot,  the  microrobot’s  small  mass  allows  the  gold 
wires  to  restrict  movement.  As  the  microrobot  is  lowered  toward  the  walking  surface,  the 
gold  wires  touch  the  walking  surface  before  the  microrobot.  The  small  weight  of  the 
microrobot,  relative  to  the  stif&iess  of  the  gold  wires,  allows  the  gold  wires  to  keep  the 
microrobot  pressed  up  against  the  positioning  arm. 

To  show  that  this  microrobot  design  could  support  its  own  weight,  the  microrobot 
was  lowered  onto  the  walking  surface  without  gold  wires  connected.  Figure  5-63  shows 
a  captured  video  image  of  the  freestanding  microrobot  with  a  freshly  killed  cockroach 
(asphyxiated  using  methanol)  lying  on  the  back  of  the  microrobot. 
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Figure  5-63:  Captured  video  image  of  freestanding  microrobot  with  a 
dead  cockroach  lying  on  the  back  of  the  microrohot. 

A  gold  hondwire  was  wrapped  around  the  cockroach’s  legs.  The  cockroach  was 
then  lowered,  by  holding  onto  the  gold  bondwire  with  the  hand,  onto  the  microrobot. 
Figure  5-64  is  a  series  of  captured  video  images  showing  the  microrobot  supporting  its 
own  weight  plus  the  weight  of  (a)  one  more  microrobot,  (b)  two  more  microrobots,  (c) 
three  more  microrobots,  (d)  four  more  microrobots.  Gold  bondwires  were  connected  to 
each  load  microrobot  and  used  as  handles  to  lower  the  load  microrobot,  by  hand  or 
tweezers,  onto  the  freestanding  microrobot. 

During  the  placement  of  each  load  microrobot,  the  freestanding  microrobot  was 
unintentionally  scooted  around,  demonstrating  dynamic  stability.  Note  that  the  load 
microrobots  were  not  able  to  be  stacked  uniformly  on  top  of  the  freestanding  microrobot 
because  of  the  gold  bondwires.  The  addition  of  a  fifth  microrobot  finally  caused  the 
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(C)  (d) 

Figure  5-64:  A  series  of  captured  video  images  showing  the  microrobot 
supporting  its  own  weight  plus  the  weight  of  (a)  one  more  microrobot,  (b) 
two  more  microrobots,  (c)  three  more  microrobots,  (d)  four  more 
microrobots. 
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Figure  5-65:  Captured  video  image  of  collapsed  microrobot. 


The  microrobot  was  retrieved,  and  the  resulting  damage  can  be  seen  in  the 
scanning  electron  micrograph  in  Figure  5-66.  The  bases  were  not  affected  and  the  legs 
broke  off  near  the  top  of  the  flexures.  The  microrobot  used  in  this  experiment  was 
initially  missing  five  legs  that  were  damaged  during  the  release  process.  This  microrobot 
was  using  only  85  legs. 


5-74 


locations  of  missing 
legs  damaged 
during  the  release 


Figure  5-66:  Scanning  electron  micrograph  showing  damage  to  the 
microrobot  legs  after  collapsing. 

Figure  5-64  (d)  shows  that  the  microrobot  is  able  to  support  five  times  its  original 
weight,  were  its  original  weight  is  approximately  313.97  pN.  Using  Eq.  (2)  and  the 
following  parameters: 

a  =  3.5  pm,  the  nominal  thickness  of  the  polyl  and  poly2  layers 

b=  2x2.5  pm  =  5  pm,  the  width  of  two  thermal  actuator  flexures  considered 
together 

/  =  230  pm,  length  of  the  leg 

E=  169GPa[3] 

Fgp,  for  this  microrobot  leg  design,  is  found  to  be  approximately  140.82  pN.  Comparing 
Fgf  to  five  times  the  weight  of  a  microrobot,  we  can  estimate  that  at  least  12  legs  are 
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needed  for  the  chip  to  be  supported  by  the  legs  in  an  unstable  equilibrium.  Since  this 
loaded  microrobot  has  90  legs,  this  design  possesses  a  factor  of  safety  of  at  least  7.5. 
Finally,  comparing  F^p  to  the  weight  of  a  single  microrobot,  it  is  estimated  that  at  least  3 
legs  are  needed  for  the  chip  to  be  supported  by  the  legs  in  an  unstable  equilibrium, 
therefor,  this  design  possesses  a  factor  of  safety  of  90/3  =  30. 
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6.  Conclusions  and  Recommendations 


This  chapter  contains  a  brief  description  of  the  final  status  of  this  research  and 
recommendations  for  future  research.  Sections  6.1  -  6.4  will  cover  the  four  research  goals 
presented  in  Chapter  1 . 

6.1  Final  Status  and  Recommendations  for  Erecting  Microstructures  to  a 

Position  Normal  to  the  Substrate  Using  Self  Assembly  Techniques 

The  goal  of  erecting  a  microstructure  normal  to  the  substrate  using  self  assembly 
techniques  was  not  met  in  this  research.  The  designs  in  this  research  concentrated  on 
assembling  microstructures  with  low  resistance  electrical  connections  available  to  power 
the  assembled  microstructure.  Assembling  a  microstructure  alone,  without  providing  low 
resistance  electrical  contacts  is  an  easier  problem  to  solve,  and  has  already  been 
demonstrated.  This  research  has  achieved  designs  of  microsystems  that  can  be  erected  to 
angles  less  than  90  degrees  while  being  supplied  by  low  resistance  electrical  connections. 
The  following  are  some  possible  applications  for  the  novel  achievements  made  in 
working  towards  this  goal: 

1)  Microrobot  legs  for  a  robot  where  the  body  has  a  size  on  the  order  of  1000 
pm.  The  robot  must  possess  on  board  control  circuitry  and  a  power  supply. 
The  robot  could  walk  or  swim.  Combining  the  compact  design  of  the  spring 
wires  from  the  MUMPs  20  fabrication  run  with  the  jack,  base,  and  leg  design 


6-1 


in  MUMPs  18  will  produce  a  2-degree  of  freedom  leg  or  flipper. 

2)  Micro-sampler  or  micro-anchors  for  an  autonomous  micro-exploration 
vehicle.  Consider  fabricating  a  proven  microgripper  design  on  the  microrobot 
leg-base  instead  of  a  leg.  This  system  could  be  mounted  on  the  outside  of  a 
micro-exploration  vehicle.  When  the  vehicle  needs  a  sample  from  the 
environment,  the  microgrippers  could  deflect  away  from  the  vehicle,  grab  the 
sample,  and  return  against  the  vehicle.  The  sample  could  then  be  dropped  into 
a  micro-analyzer  situated  under  the  gripper.  The  grippers  could  also  act  as  an 
anchor  by  gripping  the  walls  of  an  artery,  for  example,  when  the  vehicle  needs 
to  be  stationary. 

The  main  problem  with  achieving  this  design  goal  is  the  lack  of  powerful 
actuation  normal  to  the  substrate.  1  would  like  to  present  two  recommendations  for 
realizing  powerful,  compact,  and  novel  actuation  methods.  These  two  recommendations 
are  not  compatible  with  the  MUMPs  process,  and  the  restriction  on  using  the  MUMPs 
process  would  have  to  be  removed. 

1)  Making  actuators  from  an  expandable  material  which  expands  upon  reaction 
with  a  chemical  or  electrical  stimulation.  Figure  6-1  shows  a  drawing  of  this 
expandable  actuation  idea.  The  fabrication  process  could  include  depositing 
and  patterning  a  layer  of  expandable  material.  Next,  a  polysilicon  cap  could 
be  deposited  and  patterned  over  the  material  to  help  channel  or  contain  the 
expansion.  The  rest  of  the  microstructures  could  then  be  deposited  and 
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patterned  as  usual.  The  fabricated  product  could  be  released  as  usual,  and  then 
immersed  in  a  reactant  which  causes  the  special  expandable  material  to 
expand. 


Figure  6-1:  Drawing  of  a  conceptual  self  assembly  method  using  an 
expandable  material:  (a)  shows  the  microstructure  before  assembly,  and 
(b)  after  the  expandable  material  expands,  erecting  the  microstructure. 


2)  The  most  compact,  powerful,  and  elegant  actuators  in  the  universe  are 
muscles.  Consider  the  ant.  The  ant  can  carry  objects  over  ten  times  its  own 
weight.  The  ant’s  leg  contains  muscles  which  take  up  less  space  than  the 
exoskeleton  leg  as  a  whole.  A  second  proposal  involves  depositing  and 
patterning  artificial  muscles  over  the  existing  polysilcon  hinge  designs.  When 
the  muscles  are  introduced  to  a  chemical,  or  stimulated  electrically,  the  muscle 
should  contract  appreciably,  causing  hinges  to  fold  and  assemble 
microstructures. 
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6.2  Final  Status  and  Recommendations  for  Providing  Electrical  Power  to 
Erected  Structures  by  Means  of  Practical  Low  Resistance  Electrical 
Connections 

The  goal  of  providing  electrical  power  by  means  of  practical  low  resistance 
electrical  connections  is  met  in  this  research.  Because  the  spring  wires  provide  a 
contiguous  coimection  to  the  device  needing  power,  the  spring  wires  provide  the  lowest 
resistance  electrical  connections  possible  for  the  MUMPs  process.  The  resistance  of  the 
spring  wires  can  be  controlled  by  the  quality  and  resistivity  of  the  fabrication  materials, 
and  by  the  geometry  of  the  wire  design.  The  resistance  of  one  of  the  spring  wires  used  to 
power  the  robot  leg  in  the  MUMPs  20  design  is  approximately  13  Q. 

The  spring  wires  are  practical  because  no  extra  steps  in  fabrication  or  post 
processing  are  required  to  create  them.  They  are  also  practical  because  they  do  not 
require  any  elaborate  setup  to  connect  them  to  a  microstructure.  The  spring  wires  are 
extremely  compact  and  can  be  fashioned  into  any  shape  imaginable. 

6.3  Final  Status  and  Recommendations  for  Realizing  Circular  Motion  Normal  to 
the  Substrate 

The  goal  of  realizing  circular  motion  normal  to  the  substrate  is  met  in  this 
research.  The  results  of  this  research  have  demonstrated  that  wheels  can  be  assembled 
normal  to  the  substrate  and  rotated  by  means  of  bumping  the  edge  of  the  wheel  with  a 
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vertically  deflecting  thermal  actuator.  The  design  used  in  this  research  leaves  much  room 
for  improvement,  however.  After  improvements  are  made,  the  wheel  could  be  used  as  an 
optical  chopper,  a  useful  optical  signal  processing  tool.  The  frame  holding  the  wheel 
must  be  redesigned  such  that  the  wheel  can  not  get  stuck  on  this  frame.  Also,  the  frame 
can  be  redesigned  to  be  simpler  and  easier  to  assemble.  Figure  6-2  shows  a  drawing  of  a 
proposed  design  for  a  wheel  suitable  to  be  fabricated  using  the  MUMPs  process.  This 
structure  is  actually  a  one  piece  structure  that  requires  no  assembly  except  for  lifting  the 
frame  into  an  upright  position.  The  wheel  would  actually  be  half  polyl  and  half  poly2. 
The  axle  would  also  have  to  be  half  polyl  and  half  poly2.  The  wheel  would  unfold  from 
the  axle  as  the  frame  is  lifted.  One  or  more  vertically  deflecting  thermal  actuators  can  be 
strategically  placed  under  the  frame  to  lift  the  frame.  A  vertically  deflecting  thermal 
actuator  can  also  be  strategically  placed  under  the  wheel  to  provide  a  means  to  rotate  the 
wheel. 


Figure  6-2:  Drawing  of  proposed  wheel. 
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6.4  Final  Status  and  Recommendations  for  Realizing  a  Microrobot  That  Can 

Move  on  a  Flat  Surface 

The  goal  of  realizing  a  microrobot  that  can  move  on  a  flat  surface  has  not  been 
met  in  this  research.  The  full  die  microrobot  failed  to  walk  because  the  legs  could  not 
support  its  weight.  The  lapped  die  microrobot  failed  to  walk  because  the  die  was  so  light 
that  the  gold  bondwires  overpowered  it,  and  dictated  its  movement.  However,  the 
walking  scheme  based  on  six  legged  insects  was  valid,  as  shown  by  being  able  to 
transport  kapton  film.  One  application  for  transport  using  microstructures  is  a  precise 
micro-positioner. 

The  improved  version  of  the  microrobot  proved  to  be  dynamically  robust,  even 
after  being  loaded  to  five  times  its  original  weight.  However,  the  light  weight  of  the 
microrobot  alone  allowed  it  to  be  overpowered  by  the  gold  bondwires.  Combining  the 
leg  design  of  the  improved  microrobot  with  the  spring  wiring  and  full  die  design  of  the 
original  microrobot  should  produce  a  microrobot  that  walks. 

6.5  Overall  Conclusions 

Overall,  this  research  has  brought  the  field  of  microelectromechanical  engineering 
a  little  closer  to  the  realization  of  minute  unmanned  surveillance  vehicles,  a  valuable  and 
life  saving  application  for  the  military.  This  research  has  participated  in  transcending 
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MEMS  from  the  two  dimensional  to  the  three  dimensional  world,  opening  a  flood  gate  of 
potential  applications. 


6-7 


Appendix  A:  Dynamic  and  Static  Modeling  of  Microrobot  Leg  Self  Assembly 


This  appendix  attempts  to  explain  the  reasons  for  the  failure  of  the  jacks  to  lift  the 
base  described  in  Section  5.1.  In  this  appendix,  the  static  equations  describing  the 
microrobot  leg  self  assembly  system  are  derived.  The  components  of  the  equation  such 
as  the  force  provided  by  the  jack  and  the  resisting  torque  on  the  base  provided  by  the 
spring  wires  is  estimated  and  compared. 

A.l  Deriving  Dynamic  and  Static  Equations 

Let  the  rigid  hinged  leg  support  base  and  rigid  leg  from  the  MUMPs  20 
microrobot  leg  self  assembly  system  be  represented  by  the  rigid  hinged  plate  shown  in 
Figure  A-1. 


Figure  A-1:  Representation  of  the  microrobot  leg  and  base  showing  the 
different  moments  and  forces  acting  upon  it. 
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From  Figure  A-1,  and  Newton’s  second  law,  we  can  derive  the  dynamic  equation  that 
describes  the  rotation  of  the  microrobot  leg  and  base  system  (hereafter  called  the  leg- 
base)  about  its  hinge  pin: 

Em  =  70"  =  My^  -  cQ'  -  mglcGCOs{%)  -  Mj&gn{Q) 

■  Fe/v^cg^^K^)  ■  -  Msjy(Q)  -  FiJ i^cos{Q)  (A-1) 

where  the  sum  of  the  moments  about  the  hinge  pin  is  equal  to  the  moment  of  inertia  (7)  of 
the  leg-base  structure  times  the  angular  acceleration  (0");  and  where  My^  is  the  moment 
provided  by  the  back-bent  vertically  deflecting  thermal  actuators,  c  is  the  angular 
damping  coefficient,  0'  is  the  angular  velocity,  m  is  the  mass  of  the  system,  g  is  the 
acceleration  of  gravity,  is  the  distance  measured  from  the  bottom  of  the  hinge  pin  to 
the  center  of  gravity  of  the  system,  0  is  the  angular  displacement  of  the  system  measured 
from  the  substrate,  Mf  is  the  moment  caused  by  the  kinetic  friction  of  the  hinge  pin 
against  the  nitride  or  hinge  cap,  sgn(0  )  is  the  signum  function  defined  as  {sgn(0  )  =  -1  for 
0  <  0,  sgn(0  )  =  1  for  0  >0},  F^/v  is  the  superposition  of  electrostatic  force  and  van  der 
Waals  forces,  Ms  is  the  moment  caused  by  stiction,  5(0)  is  the  discrete  impulse  function 
defined  as  (6(0)  =  0  for  0  ^0,  5(0)  =  1  for  0  =  0},  Msw(^)  is  the  moment  function  of  0 
caused  by  the  restoring  force  of  the  spring  wires,  Fi^  is  the  restoring  force  applied  by  the 
locking  arms,  and  4^  is  the  distance  measured  from  the  bottom  of  the  hinge  pin  to  the 
point  where  Fi^  is  applied. 

The  goal  of  this  analysis  is  to  determine  if  the  jacks  or  vertically  deflecting 
thermal  actuators  can  lift  the  robot  leg  into  position.  At  this  point,  the  analysis  will  not 
be  concerned  with  the  dynamic  behavior  of  the  leg-base  system  during  the  lift.  In  other 
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words,  we  are  not  concerned  with  how  the  leg  gets  to  the  upright  position  ~  the  transient 
analysis,  but  whether  or  not  the  leg  can  get  to  the  upright  position  -  a  steady  state 
analysis.  For  the  leg  to  reach  the  upright  position,  the  moment  applied  to  the  base  by  the 
vertically  deflecting  thermal  actuators  must  be  greater  than  the  opposing  static  (or 
position  dependent)  moments  at  every  deflection  (0)  from  0  to  7t/2.  Considering  Equation 
(A-1)  with  0"  =  0'  =  0,  and  rearranging,  yields  the  static  model  for  the  leg: 

Mva  =  mglcG^os{&)  +  i^sgn(0)  +  Fg/ylccCosiQ)  +  M^(Q)  +  Msw(Q)  +  FiJi^cos(Q).(A.-2) 

The  following  sections  will  analyze  each  term  in  Equation  (A-2). 

A.2  My^:  Finding  the  Moment  Caused  by  the  Vertically  Deflecting  Thermal 
Actuators 

The  primary  means  for  erecting  the  leg-base  structure  are  the  two  vertically 
deflecting  thermal  actuators.  At  0  =  0,  the  tip  of  an  actuator  contacts  the  base  at  a 
distance,  measured  from  the  bottom  of  the  base’s  hinge  pin  (refer  to  Figure  A-1). 
Immediately  after  the  actuators  have  been  back-bent,  a  force,  Feq,  is  applied  by  each 
actuator,  to  the  base  at  ly^  causing  a  moment  about  the  base’s  hinge  pin.  As  0  increases, 
the  tip  of  an  actuator  slides  away  from  the  hinge  pin,  thereby  increasing  the  length  of  the 
moment  arm  of  F^q.  However,  the  perpendicular-to-the-moment-arm  component  of  Feq 
decreases  as  0  increases.  The  moment  provided  by  two  actuators,  My^  is  then: 
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Myyi  =  2F^qj_  X  moment  arm  =  2F£gCOs(0)  x  ly^  /cos(0)  =  IFggly^. 


(A-3) 


To  find  FgQ,  consider  the  following.  Figure  A-2  shows  a  side  view  of  two 
vertically  deflecting  thermal  actuators  after  being  backbent.  The  leg-base  was  lifted  and 
locked  into  its  vertical  position  before  actuation.  Note  the  deformed  poly2  hot  arms  and 
the  flexed  polyl  cold  arm.  The  reaction  force,  Rj,  and  reaction  moment,  Mq,  on  the  cold 
arm,  at  the  anchor  point,  near  the  probe  pads,  is  also  labeled  in  Figure  A-2.  This  anchor 
point  will  also  be  the  reference  of  the  x-y  axis  whose  orientation  is  shown  in  Figure  A-3. 


Figure  A-2:  Scanning  electron  micrograph  showing  a  side  view  of  two 
vertically  deflecting  thermal  actuators  after  being  backbent.  The  reaction 
force,  Rj,  and  reaction  moment,  Mq,  on  the  cold  arm  are  also  labeled. 
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Figure  A-3  shows  the  tip  of  the  vertically  deflecting  thermal  actuator  from  Figure 
A-2  close  up.  Labeled  in  the  figure  is  the  deflection  of  the  actuator  tip,  y^,  measured 
from  the  top  of  the  polyl  beam,  at  point  A,  to  the  nitride,  and  the  angle  of  the  polyl 
beam,  (|),  measured  with  reference  parallel  to  the  substrate  plane.  The  angle,  (|),  actually 
represents  the  tangent  (dy/dx  =  tan(<j)))  to  the  curvature  at  point  A.  Point  A  is  physically 
located  at  the  center,  on  the  top  surface,  of  the  polyl  beam,  and  is  actually  concealed  by 
the  poly2  layer,  which,  connects  the  hot  arms  to  the  cold  arm. 


Figure  A-3:  Tip  of  the  vertically  deflecting  thermal  actuator  from  Figure 
A-2  shown  close  up.  The  deflection  of  the  actuator  tip,  y^,  measured  from 
the  top  of  the  polyl  beam,  at  point  A,  to  the  nitride,  and  the  angle  of  the 
polyl  beam,  (j),  measured  with  reference  parallel  to  the  substrate  plane  is 
labeled. 
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Figure  A-4  is  a  not-to-scale  representation  of  one  of  the  vertically  deflecting 
thermal  actuators  from  Figure  A-2  and  Figure  A-3.  Referring  to  Figure  A-4,  point  B  is 
physically  located  at  the  center,  on  the  top  surface,  of  the  poly2  layer  that  connects  the 
hot  arms  to  the  cold  arm.  The  distance  between  points  A  and  B  is  h,  where  h  =  1  pm. 
The  length,  L,  is  the  undeflected  length  of  the  cold  arm  from  point  0  to  A. 


Figure  A-4:  Not-to-scale  drawing  of  a  single  vertically  deflecting  thermal 
actuator  after  being  back-bent.  The  forces  and  moments  modeled  in  this 
analysis  are  labeled. 


After  back  bending,  the  deformed  hot  arms  exert  some  force,  with  components  F;  and  F2, 
at  point  B.  If  the  connecting  arm  were  to  be  cut,  as  shown  in  Figure  A-4,  the  effects  of 
point  B  on  A  can  be  represented  by  a  reaction  force  at  A  (F^),  and  a  moment  about  A 
(M4).  The  equivalent  force,  Feq,  can  be  estimated  using  two  methods,  by  using  the  beam 
deflection  equation  for  a  eantilever  with  an  end  load  or  by  developing  general  bending 
moment  and  shear  force  expressions  using  singularity  functions  [1]. 
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Beam  Deflection  Equation  for  a  Cantilever  with  an  End  Load 


A  simple  way  to  estimate  Feq  can  be  found  by  assuming  that  there  is  a  single 
force,  F^,  acting  on  the  tip  of  the  actuator,  at  point  A  causing  the  cold  arm  to  deflect  a 
measured  deflection,  y^.  The  deflection,  was  measured  experimentally  at  a  probe 
station  using  a  lOOx  objective.  The  objective  was  first  focused  on  the  nitride,  and  the 
reading  from  the  micrometer-scaled  fine-focus  knob  recorded.  Next,  the  objective  was 
refocused  onto  point  B,  and  the  reading  on  the  fine-focus  knob  was  again  recorded.  The 
difference  between  the  two  readings  is  the  deflection  of  point  B.  The  deflection  of  point 
A  is  then  obtained  by  subtracting  1.5  pm,  which  is,  the  thickness  of  poly2.  Eight, 
unloaded,  actuators  where  back-bent  in  air  by  applying  4.3  mA  at  16  V  for  10  seconds. 
The  deflections  were  recorded  and  a  simple  non-weighted  average  was  taken  to  be,  yj  = 
(13.5  ±  0.5)  pm.  The  error  due  to  imprecise  measurements  is  taken  as  one  half  of  the 
smallest  discernible  increment  of  measurement,  1  pm  on  the  fine-focus  knob,  in  this  case. 
From  henceforth,  error  due  to  imprecise  measurements  will  be  determined  in  this  manner. 
The  deflection,  y^,  was  confirmed  by  measuring  the  distance  between  point  A  and  the 
nitride,  on  the  SEM  of  Figure  A-3,  with  a  ruler.  The  resulting  distance  is  2.45  cm  x  5.56 
pm/cm  =  13.62  pm.  The  actuator  in  Figure  A-3  was  photographed  because  it  was 
optically  measured  to  have  deflected  13.5  pm.  Neglecting  the  weight  and  any  other  force 
acting  on  the  polyl  beam,  the  beam  deflection  equation  for  a  cantilever  with  an  end  load 
yields  [1]: 
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(A-4) 


_y,3EI  _  (13.5  ±  0.5)  x  10~^3(169  x  10^)1  x  10~^^ 

Feq-  A-  ^3  -  (235x10'^)^ 

=  (5.2740±  0.1953)  X 10’^  N 

1  3 

where  a  =  2  um  and  h  =  1 5  um  are  used  for  I,  where  /  =  — ba  . 
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General  Bending  Moment  and  Shear  Force  Expressions  using  Singularity  Functions 

A  more  general  approach  to  finding  Feq,  along  with  all  the  moments  and  reaction 
forces  labeled  in  Figure  A-4,  is  to  use  singularity  functions  [1].  Unless  stated  otherwise, 
the  convention  will  be  adopted  where  all  clockwise  bending  moments  and  all  shear  forces 
acting  in  the  positive  x-y  axis  directions  are  positive.  For  this  analysis,  any  effect  on  the 
actuator  from  electrostatic,  van  der  Waals,  or  stiction  forces  will  be  neglected.  With 
reference  to  Figure  A-4,  the  loading  function,  q,  for  the  cold  arm  is: 

^  =  +i?,(x)'' -w(x)” -i-F’^(x-Z,)  (A-5) 

where  (x-c)'^  is  the  concentrated  moment  (unit  doublet)  at  point  c  defined  as  {(x-c)'^  =  0 
for  X  ^  c,  <x-c)  =  ±00  for  x  =  c},  (x-c)'  is  the  concentrated  force  (unit  impulse)  at  point  c 
defined  as  {(x-c)'^  =  0  for  x  5^  c,  <x-c>'*  =  ±oo  for  x  =  c},  <x-c>®  is  the  unit  step  at  point  c 
defined  as  {<x-c>'^  =  0  for  x  <  c,  =  1  for  x  >  c},  and  w  is  the  weight  density  of  the 
cold  arm  defined  as  w  =  {abL  x  density  of  Si  x  acceleration  of  gravity)/!  =  2  pm  x  15 
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|am  X  2330  kg/m^  x  9.8  m/s^  =  685.02x10'^  N/m.  Integrating  Equation  (A-5)  yields  a 
relationship  for  the  shear  forces  (V)  acting  on  the  cold  arm: 


V  =  EI^-^  =  \qdx  =  -Mq{x)  ’  +  RUxY  -  w(x)’  +F^{x-  1)°  -  M^{x- L)  ' 

dx  i 


(A-6) 


=  -wL  +  -0 


where  (x-c)'  is  the  ramp  function  at  point  c  defined  as  {<x-c>*  =  0  for  x  <  c,  <x-c>*  =  x-c 
for  X  >  c}.  Integrating  Equation  (A-6)  yields  a  relationship  for  the  bending  moments  (M) 
acting  on  the  cold  arm: 


M=EI^  =  ''lvdx  =  -M,{xy+R,{x)'-j{xf+F,{x-L)'-M,{x-Ly 


L+ 


'(A-7) 


=  -M,+R,L-^e-M,=0 


7  2  2 

where  <x-c>  is  the  parabolic  function  at  point  c  defined  as  {<x-c>  =  0  for  x  <  c,  <x-c>  = 
(x-c)^  for  X  >  c}.  Integrating  Equation  (A-7)  yields  a  relationship  for  the  tangent  (tan((f))) 
of  the  cold  arm: 


EI^=  \Mdx  =  -Mo{xy  +^{xY  +^{x- lY  -  M^{x-L) 

OX  ^  2  o  z 


0  W  a 


6  '  '  2 
£/tan((t))| 


L+ 


(A-8) 


(|)  at  x=L 


A-9 


where  <x-c)^  is  the  cubic  function  at  point  c  defined  as  {<x-c)^  =  0  for  x  <  c,  <x-c>^  =  (x-c)^ 
for  X  >  c},  and  (j)  at  x  =  L  (at  point  A)  on  the  cold  arm  was  measured  from  the  SEM  in 
Figure  A-3,  using  a  protractor,  as  (|)  =  5°±0.5°.  Integrating  Equation  (A-8)  yields  a 
relationship  for  the  deflection  (y)  of  the  cold  arm: 


where  (x-c)'^  is  the  tetradic  function  at  point  c  defined  as  {(x-c)"^  =  0  for  x  <  c,  (x-c)"^  =  (x- 
c)'^  for  X  >  c},  and  y  at  x  =  Z,  (at  point  A)  on  the  cold  arm  is  as  found  in  the  previous 
paragraphs.  Summing  the  moments  about  point  A  gives: 


W  T 

-Mo  +i?,I-F,/2COS((l))  +  F2;?COS((t))-yZ'  =0.  (A-10) 


Finally,  summing  the  forces  in  the  y  direction  yields: 


i?j  +  Fj  -  wX  =  0 . 


(A-11) 


Equations  (A-6)  through  (A-11)  represent  six  equations  in  six  unknowns. 
Building  Equations  (A-6)  through  (A-11)  into  matrix  form,  the  forces  and  moments  can 
be  found  by  solving  the  following  linear  equation: 


wL 

0 

1 

1 

0 

0 

0 

'M,' 

-1 

L 

0 

-1 

0 

0 

Fa 

2 

-L 

2 

0 

0 

0 

0 

F/tan(9)  +  -|z' 

0 

0 

0 

0 

Ma 

W  A 

EIy,+  —  L^ 

2 

6 

F^ 

24 

-1 

L 

0 

0 

-hcos(^) 

hcos(^) 

0 

1 

0 

0 

0 

1 

Fi  \ 

2 

wL 

Solving  Equation  (A- 12)  using  MATLAB  on  an  IBM  compatible  486DX2  running  at  66 
MHz  with  16  Mbytes  of  RAM  with  L  =  235  qm,  h  =  1  pm,  ([)  =  5°,  w  =  685.02x10^  N/m, 
E  =  169  GPa  [2],  /=  1x10'^^  m"*,  andy^=  13.5  pm  gives: 


Fa 

Ma 

F, 

F2 


-1.2204x10-'  Nm 
-5.0318x10-^  N 
5.0320  xlO'*"  N 
3.7923x10-’'  Nm 
4.3100x10-'  N 
5.0320x10-'  N 


For  this  analysis,  F^q  is  also  assumed  to  be  equal  to  F^.  Table  1  lists  values  for  F^q  as  a 
function  of  and  (|). 
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yd 


13  pm 

13.5  pm 

14  pm 

4.5° 

5.8640  pN 

6.6454  pN 

7.4267  pN 

5° 

4.2506  pN 

5.0320  pN 

5.8133  pN 

5.5° 

2.6348  pN 

3.4161  pN 

4.1974  pN 

Table  1:  Values  for  Fgg  as  a  function  of  and  (j). 


Choosing  Feq  to  be  the  nominal  value  of  5.0320  |aN,  the  moment  contribution,  Myyi,  in 
Equation  (A-2)  is  estimated  from  Equation  (A-3)  as  1.0567x10'**^  Nm.  My^  is  estimated 
assuming  that  F^q  is  constant  throughout  the  deflection  of  the  actuator  and  Feq  is 
translated  through  a  rigid  extension  from  point  A  to  the  point  where  the  extension 
contacts  the  leg-base,  where  =  10.5  pN. 

A.3  mglcG’  Finding  the  Moment  Contribution  of  the  Leg-Base  System’s  Weight 

Let  IcG  be  defined  as  the  y-component  of  the  center  of  gravity  of  the  system 
shown  in  Figure  A-5.  Figure  A-5  shows  a  not-to-scale  drawing  of  a  microrobot  leg-base 
represented  by  elementary  shapes.  The  right  half  of  the  base,  not  shown,  is  symmetric 
with  the  left.  Labeled  is  the  area  of  the  elementary  shape,  #x#;  x-y  coordinate  for  the 
center  of  mass  of  the  elementary  shape,  (#,#);  and  structural  materials  that  the  shape  is 
made  from  ,  pi  =  polyl,  p2  =  poly2,  and  g  =  gold.  The  center  of  gravity  will  be  found 
with  respect  to  the  x-y  coordinate  system  shown  in  the  figure. 
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LEGEND 


Figure  A-5:  Not-to-scale  drawing  of  a  microrobot  leg-base  represented 
by  elementary  shapes.  The  right  half  of  the  base,  not  shown,  is  symmetric 
with  the  left.  Labeled  is  the  area  of  the  elementary  shape,  #x#;  x-y 
coordinate  for  the  center  of  mass  of  the  elementary  shape,  (#,#);  and 
structural  materials  that  the  shape  is  made  from  ,  pi  =  polyl,  p2  =  poly2, 
and  g  =  gold. 


The  y-coordinate  of  the  center  of  gravity  is: 


_  _  4.7705x10-" 

8.3061x10-" 


57.434  xl0-®m 


(A-13) 


where  yi  is  the  y  coordinate  of  the  center  of  mass  ,  w,  is  the  mass  for  each  elementary 
shape,  the  density  for  Si  is  2330  kgW,  and  the  density  for  Au  is  19320  kgW.  The 
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moment  contribution,  in  Equation  (A-2),  due  to  the  weight  of  the  leg-base  system,  is 


therefor: 


mglcGCOs(e)  =  8.3061x10'''  (9.8)57.434xl0'^cos(e)  =  4.6751x10''^  cos(e)  Nm.(A-14) 


A,4  7W^gn(0):  Finding  the  Moment  Caused  by  Friction  at  the  Hinge  Pin 


The  type  of  hinge  used  for  the  microrobot  leg  can  be  seen  in  Figure  3-4.  At  0  =  0, 
the  hinge  pin  is  suspended  between  the  hinge  cap  and  the  nitride  by  the  spring  wires.  The 
hinge  pin  will  not  experience  contact  forces  until  motion  is  already  in  progress,  and  even 
then,  one  can  imagine  that  the  contact  force  will  be  applied  gradually.  For  the 
aforementioned  reason,  the  frictional  forces  will  be  treated  as  kinetic,  instead  of  static. 
During  actuation,  0  >  0,  the  contact  point  of  the  hinge  pin  may  be  against  the  hinge  cap, 
the  nitride,  or  nothing.  As  an  estimate,  let  the  moment  caused  by  kinetic  friction,  in 
Equation  (A-2),  be  given  by: 


Mj  =  0.4| 


2F 

EQ 


27=^^^2.0156x10-"  Nm 


(A-15) 


where  0.4  is  the  coefficient  of  kinetic  friction  for  glass  on  glass  [3],  F^w  is  the  restoring 
force  of  the  spring  wire  parallel  to  Feq,  and  2.0156x10’^  m  is  the  moment  arm  measured 
from  the  center  of  the  hinge  pin  to  a  corner  of  the  hinge. 
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A.5  F£/piccCos(0):  Finding  the  Moment  Caused  by  Electrostatic  and  van  der 
Waals  Forces 

Electrostatic  force  is  the  attraction  or  repulsion  felt  between  two  bodies  due  to  the 
electronic  charge  on  each  body.  The  energy  of  attraction,  between  two  parallel  objects, 
due  to  electrostatic  forces  is  given  by  [4] : 


£„=^J/m"  (A-16) 

Zo 

where  E^i  is  normalized  by  area,  is  the  permativity  of  free  space  (8.8542x10'^^ 
C^/Nm^),  V  is  the  voltage  difference  between  the  objects,  and  5  is  the  distance  of 
separation.  Since  the  leg-base  system  is  grounded  to  the  substrate  (V=  0)  and  since  the 
vertical  thermal  actuators  are  not  electrically  energized  when  they  back  bend  and  lift  the 
base,  electrostatic  force  could  be  neglected.  However,  as  a  worst  case  estimate,  suppose 
some  charge  density  were  to  build  up  on  the  leg-base  and  nitride,  causing  a  voltage 
difference  of  0.5  V.  The  force  between  the  leg-base  and  substrate  can  be  found  from 
Equation  (A-16)  as: 


26' 


8.6 155x1  O'®  So  0.5' 
2(2x10'^)' 


=  2.3839x10-'  N 


(A-17) 
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where  A  is  the  area  of  the  leg-base  system  found  from  Figure  A-5. 

Van  der  Waals  forces  is  the  attractive  force  due  to  the  electrostatic  force  arising 
from  the  dipole  fields  of  atoms  [5].  The  energy  of  attraction,  between  two  parallel  solid 
objects,  due  to  van  der  Waals  forces  is  given  by  [4]: 


-20 

where  is  normalized  by  area  and  H  is  Hamaker’s  constant  for  Si  in  air,  27x10  J. 
The  force  between  the  leg-base  and  substrate  can  be  found  from  Equation  (A- 18)  as: 


vdW 


12716'  127t(2xl0'®)' 


(A-19) 


The  moment  contribution  to  Equation  (A-2)  from  electrostatic  and  van  der  Waals 
can  now  be  estimated  as: 


^E/V  ^CG  ~  (-^.s  ^vdW  )^( 


CG 


=  (2.3839  X  10'^  +7.7130X  10'*')57.4340x  10'^ 
=  1.3736x10-"  Nm 


.  (A-20) 
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A.6  M^(Q):  Finding  the  Moment  Caused  by  Stiction  Forces 


Stiction  is  the  unwanted  adhesion  of  microstructures  to  the  substrate  after  a 
release  process  using  liquid  solvents  and  solutions.  Stiction  is  assumed  to  be  caused  by 
capillary  forces  drawing  structures  to  the  substrate  during  drying.  Legtenberg,  et  al. 
predict  forces  on  the  order  of  1  mN  for  a  structure  with  the  area  of  the  leg-base  structure 
at  a  1  pm  separation  from  the  substrate  [4].  Unfortunately,  actuators  that  can  deliver  mN 
of  force  are  not  on  hand  for  this  research. 

Many  methods  have  been  developed  to  eliminate  stiction,  however.  Some 
reported  methods  are  limiting  structure  length  [4],  using  “dry”  release  processes  [6], 
coating  microstructures  with  a  hydrophobic  coating  [7],  and  “steering”  liquid  bridging 
away  using  special  features  on  the  periphery  of  a  microstructure  [8].  The  method  most 
commonly  employed  at  AFIT  and  in  this  research  of  eliminating  post  release  stiction  is  to 
use  the  MUMPs  dimple  layer.  The  dimple  layer  is  used  to  create  small  support  posts  on 
the  underside  of  microstructures.  The  small  support  posts  serve  two  purposes,  first,  they 
“roughen”  up  the  contact  surface  between  the  micro  structure  and  the  substrate.  Secondly, 
they  provide  support  across  long  microstructures  that  would  normally  buckle,  if  not 
supported  by  dimples,  by  the  pull  of  capillary  forces  during  the  drying  of  the  release 
chemicals.  Stiction  has  not  been  observed  during  this  research  using  dimples.  Therefor, 
for  this  analysis,  the  moment  contribution  in  Equation  (A-2)  due  to  stiction  will  be 
neglected. 
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A.7  Msni^)’-  Finding  the  Restoring  Moment  of  the  Spring  Wires 


The  spring  wires  are  the  primary  means  of  supplying  electricity  to  the  thermal 
actuator  serving  as  a  microrobot  leg.  There  are  two  spring  wires  for  each  robot  leg 
connected  to  the  pivot  point  of  leg-base  hinges.  Figure  A-6  shows  a  cadence  drawing  of 
the  bottom  spring  wire  (with  reference  to  Figure  5-10).  The  inset  shows  the  cross  section 
of  the  wire.  The  scale  shown  is  in  micrometers,  and  the  grid  lines  are  spaced  every  10 
micrometers. 


.to  bus 


himiing  under 
poly2  wires 


'•  -  'wyy''  ■- 


^^^7.000  "  I  I’f  ^  ' 


I  ^ 


anchor  to  nitride 


pivot  point  of  leg-base . 


Figure  A-6:  CADENCE  drawing  of  the  left  spring  wire  (with  reference  to 
Figure  5-10)  showing  the  cross  section  of  the  wire  in  the  inset.  The  scale 
shovvTi  is  in  micrometers,  and  the  grid  lines  are  spaced  every  10 
micrometers. 
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Since  the  spring  wire  is  attached  to  the  leg-base,  it  must  be  able  to  yield  enough  to  allow 
a  90  degree  rotation  to  the  upright  and  final  position  of  the  leg-base  system.  Also,  for  self 
assembly  to  be  possible,  the  mechanically  resistive  moments  applied  by  the  left  and  right 
spring  wires  at  the  pivot  point  of  the  leg-base  must  be  less  than  the  moment  applied  by 
the  vertically  deflecting  thermal  actuators. 

To  find  an  analytical  prediction  for  the  mechanically  resistive  moment,  Mswi(^), 
of  one  spring  wire  for  a  given  deflection,  0,  at  the  pivot  point,  one  could  partition  the 
spring  wire  into  a  series  of  straight  and  curved  beams.  Static  relations  for  each 
partitioned  beam  could  be  derived  by  summing  the  moments  acting  on  the  beam, 
summing  the  forces  acting  on  the  beam,  analyzing  deflections  of  the  beam  along  three 
axes,  and  analyzing  torsion  of  the  beam  about  three  axes,  yielding  at  least  eight 
relationships.  The  relationships  derived  for  the  eighteen  partitioned  beams,  in  this  case, 
could  then  be  related  to  each  other  as  8  x  18  =  144  linear  equations.  Using  known 
endpoint  conditions  at  the  leg-base-pivot  and  nitride-anchor  points  (i.e.  0),  the  144  linear 
equations  could  then  be  solved.  This  method  of  finding  Mswi(Q)  can  be  tedious  and 
inaeeurate  since  some  of  the  conventional  relations  used  are  small  angle  approximations 
[!]• 

In  this  analysis,  Mswi(^)  will  be  predicted  by  modeling  the  spring  wire  using 
finite  elements.  The  Vibration  Toolbox  for  MATLAB  is  used  to  perform  the  finite 
element  analysis  [9].  The  spring  wire  is  modeled  using  138  straight  beam  elements 
connected  in  series  at  nodes  (139  nodes).  The  number  of  nodes  was  chosen  by  noting 


A-19 


that  higher  numbers  of  nodes  did  not  effect  any  changes  of  the  significant  figures  of  the 
solution.  Each  node  possess  six  degrees  of  freedom,  which  can  be  specified:  three 
deflections  along  and  three  rotations  about  the  three  coordinate  axes.  Figure  A-7  shows 
the  finite  element  spring  wire  model,  nodes,  and  reference  axes. 


X  10'^ 


Figure  A-7:  MATLAB  plot  of  finite  element  spring  wire  model  showing 
nodes  and  reference  axes. 


The  six  degrees  of  freedom  for  nodes  2  -  138  are  unconstrained.  For  node  139,  all  the 
degrees  of  freedom  are  constrained,  because  this  is  where  the  spring  wire  is  anchored  to 
the  nitride.  For  node  1,  all  the  degrees  of  freedom  are  constrained  except  for  a  rotation 
about  the  x-axis,  because  this  is  where  the  spring  wire  is  attached  to  the  leg-base. 
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For  this  analysis,  the  material  type  of  each  element  is  considered  all  poly2.  The 
effects  of  the  gold  layer  is  approximated  by  an  equivalent  poly2  layer.  The  cross 
sectional  area  of  the  gold  layer  is  scaled  by  the  ratio  of  Young’s  modulus  for  gold  to 
Young’s  modulus  for  polysilicon.  With  reference  to  Figure  A-8,  b  =  5  |^m  and  “a”  is 
determined  to  be  (1.5  +  0.2)  =1.7  pm. 


a 


/s 


z 


> 

y 


b 


Figure  A-8:  Cross  section  of  an  element  showing  the  reference  axes  for 
the  element  where  the  x-axis  is  out  of  the  page,  “a”  is  the  thickness,  and 
“b”  is  the  width. 


Also,  with  reference  to  Figure  A-8,  the  following  2nd  moments  of  area  are  used: 


lyy  =  (ba^)/ 1 2  ( A-2 1 ) 

Izz  =  (ab^)/12  (A-22) 

Ixx  =  lyy  +  Izz  (A-23) 

J  =  Ixx.  (A-24) 


Twenty  three  simulations  where  performed  on  a  PC,  where  a  single  moment 
(Mswi(^))  was  applied  to  the  system,  about  the  x-axis  at  node  1,  causing  a  rotational 
displacement  (0)  about  the  x-axis.  The  moment  was  varied  and  displacements  from  zero 
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Figure  A-9:  MATLAB  plots  (a-c)  showing  different  viewpoints  of  the 
spring  wire  after  an  angular  displacement  at  node  1  of  0  =  pi/2. 

The  resulting  forces  and  moments,  at  node  1,  caused  by  an  angular  displacement 
at  node  1  are  presented  in  the  following  plots.  Figure  A- 10  shows  a  MATLAB  plot  of  the 
mechanically  resistive  moment,  Msw](Q),  at  node  1,  caused  by  a  given  deflection,  0,  also 
at  node  1.  Figure  A-1 1  shows  a  MATLAB  plot  of  the  resulting  force,  F^w,  parallel  to  the 
z-axis  at  node  1,  caused  by  a  given  deflection,  0,  also  at  node  1.  Recall,  Fsjr,  is  needed  to 
solve  Equation  (A- 14).  Figure  A- 12  shows  a  MATLAB  plot  of  the  resulting  moment, 
Mstyiy,  about  the  y-axis  at  node  1,  caused  by  a  given  deflection,  0,  also  at  node  1.  The 
data  file  created  for  this  finite  element  analysis  is  shown  in  Figure  A-1 3. 
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Figure  A-10:  MATLAB  plot  showing  the  mechanically  resistive 
moment,  at  node  1,  caused  by  a  given  deflection,  0,  also  at  node 

1. 


Figure  A-11:  MATLAB  plot  showing  the  resulting  force,  F^w,  parallel  to 
the  z-axis  at  node  1,  caused  by  a  given  deflection,  0,  also  at  node  1 . 


Figure  A-12:  MATLAB  plot  showing  the  resulting  moment,  Mswiy,  about 
the  y-axis  at  node  1,  caused  by  a  given  deflection,  0,  also  at  node  1. 
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<iFor6eO[1  0  0  0  20e-10  0 

Figure  A-13:  Data  file  used  to  perform  the  finite  element  analysis. 

To  check  the  numerical  result  for  Mswi(^),  we  can  consider  the  spring  wire  as  one 
long  straight  beam  of  length  1274  pm,  and  same  cross  sectional  area  defined  in  Figure  A- 
8,  subjected  to  a  twist  (or  torque)  about  the  beam's  longitudinal  axis.  The  relation 

GJ 

between  torque  and  angular  deflection  of  the  end  of  the  beam  is  given  by  T  =  —0  , 

where  G  is  the  modulus  of  rigidity  J  is  the  polar  second  moment  of  area  defined  in  Eq. 
(A-24)  calculated  to  be  1.9755x10'^^  m"^,  /  is  the  length  of  the  beam.  G  is  related  to 
Young's  modulus  {E)  and  Poisson's  ratio  (v)  [2]  by  the  relation 

Q  - _ — —  =  169  X  10  ^  69.2623x10^  Pa.  A  plot  of  T  for  different  values  of  0  from 

2(1 +  v)  2(1  +  0.22) 

0  to  tiI2  is  shown  in  Figure  A-14.  A  comparison  of  Figure  A-14  to  Figure  A-10  shows 
similar  results  between  the  numerical  analysis  and  this  simple  straight  beam 
approximation. 
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Figure  A-14:  MATLAB  plot  of  the  torque  required  to  twist  a  long  beam 
an  angle  0. 

A.8  f^/^4^cos(0):  Finding  the  Moment  Caused  by  the  Locking  Arms. 

The  locking  arms  are  shown  in  Figure  5-10,  and  a  eloser  view  is  redrawn  in 
Figure  A-1 5  showing  an  evolution  to  the  simplified  beam  used  in  the  modeling. 
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Figure  A-15:  Drawing  of  locking  arms  showing  evolution  of  simplified 
beams  to  be  used  to  model  it.  The  rightmost  beam  is  used  to  model  the 
locking  arms. 


The  simplified  beam  is  found  by  averaging  the  area  of  the  locking  arms  over  the  same 
length.  The  original  locking  arms  possesses  the  same  length  and  area  as  the  simplified 
beam.  The  beam  is  made  from  poly2. 

The  force,  is  derived  from  Figure  A-16  which  shows  a  drawing  of  where  the 
locking  arm  makes  contact  with  the  leg-base: 
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Figure  A-16:  Drawing  of  where  the  locking  arm  makes  contact  with  the 
leg-base. 


where  y  is  the  vertical  displacement  of  the  point  of  contact,  4^  =  (22  pm),  d  is  the 
distance  from  the  anchor  point  of  the  locking  arms  to  the  hinge  pin  of  the  leg-base  (268 
pm),  and  L  is  the  distance  from  the  anchor  point  of  the  locking  arms  to  the  point  of 
application  of  The  force  applied  to  the  contact  point  as  the  simplified  beam  bends 
can  be  predicted  by; 


3EIy 


(A-25) 


where 


y  =  4^sin(e) 


(A-26) 


and  using  the  law  of  cosines. 


L  =  yjll^  +d^  -  2lj^^d cos(7t  -0)  (A-27) 

and  E  is  Young’s  modulus  for  polysilicon,  and  I  is  defined  in  Equation  (A-21). 
Combining  Equations  (A-25)  through  (A-27),  and  using  the  dimensions  given  in  the 
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preceding  paragraphs,  we  can  determine  the  moment  contribution  to  Equation  (A-2)  by 
the  locking  arms: 


sin(9)) 


\3/2  ''LA 


4^cos(e) 


(/i^+J'-2/i^^^cos(7r-e)) 

5.8663  X  10’^^  sin(0 )  cos(0  ) 

’  7.2308  X  10’*  - 1.1792  x  10"®  cos(7r  -0) 
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A.9  Static  Analysis  of  the  Microrobot  Leg:  Summing  it  All  Up 

Figure  A- 17  is  a  plot  of  the  moments  from  Equation  (A-2)  versus  the  angular 
deflection  of  the  leg-base.  By  inspection  of  Figure  A- 17,  we  can  immediately  draw  the 
conclusion  that  the  vertically  deflecting  thermal  actuators  can  overcome  the  combination 
of  weight,  friction,  van  der  Waals,  electrostatic,  and  locking  arm  forces.  However,  the 
plot  also  shows  that  the  restoring  moment  of  the  spring  wires  is  approximately  37.85 
times  greater  than  the  moment  provided  by  the  thermal  actuators  at  a  deflection  of  pi/2. 
This  analysis  predicts  that  the  microrobot  legs  can  not  be  self  assembled  because  the 
vertically  deflecting  thermal  actuators  can  not  produce  a  moment  that  will  overcome  the 
resistive  moment  of  the  spring  wires. 
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Figure  A-17:  MATLAB  plot  of  the  moments  from  Equation  (A-2)  versus 
angular  deflection  of  the  leg-base. 
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